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ABSTRACT 
 
 CATHERINE SAVVAS: Hydroclimate Variability and Landuse Effects on Nutrient 
Export from Watersheds in the Mid-Atlantic United States 
(Under the direction of Dr. Lawrence E. Band) 
 
 
Nutrient pollution is one of the leading causes of poor water quality and 
impairment of water bodies in the United States.  In light of sprawling urbanization and 
climate change predictions that hydrologic extremes will increase in frequency and 
intensity, a better understanding of how watersheds will respond to these changes is 
critical.  This study examines how nitrogen concentration and export from different land 
uses vary over a range of discharges and hydroclimate conditions.  The results suggest 
that catchments which are transport limited yet have a constant supply of nitrate such as 
agricultural and suburban catchments on septic are the most susceptible to hydrologic 
extremes and have the potential to accumulate nitrate during droughts and subsequently 
release it in large pulses during wetting periods.  Despite overall high export, our more 
urbanized catchments, which are neither transport nor source limited, exhibit a more 
muted response to alternating dry and wet spells. 
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 1. INTRODUCTION 
 
Over the past century human activity such as food and energy production has 
severely altered the global nitrogen cycle, increasing both the availability and mobility of 
nitrogen worldwide (Galloway et al., 2004; Vitousek et al., 1997).  Anthropogenic 
sources such as nitrogen fertilizers, wastewater and fossil fuel combustion have more 
than doubled the rate of nitrogen inputs into the terrestrial nitrogen cycle (Galloway at al., 
2004).  As a result nitrogen delivery to water bodies has been accelerated (Boyer et al. 
2002; Caraco and Cole 1999; Vitousek et al., 1997; Galloway et al., 1995) leading to well 
acknowledged negative effects such as eutrophication of estuarine ecosystems, algal 
blooms, hypoxia, fish kills and collapsed fisheries (Rabalais et al. 2002; Diaz, 2001). 
Poor water quality and biotic impairment in most US streams and rivers can be 
attributed to non-point source nutrient inputs (USEPA, 2000; USEPA, 2004).  Nutrient 
pollution is currently the greatest pollution problem in coastal rivers, bays and estuaries 
of the Unites States, with more than 65% of these surface waters degraded by nutrient 
inputs (Howarth et al., 2002) and exhibiting signs of eutrophication (Bricker et al., 2007, 
1999).  For example, nitrogen loading in the Gulf of Mexico and resulting “dead” zones 
have been linked to fertilizer use in the heavily farmed agricultural areas of the Upper 
Midwest which drain into the Mississippi River (Royer et al., 2006; USGS, 2000; Turner 
and Rabalais, 1991).  In the Chesapeake Bay, a 6-fold to 8-fold increase in nitrogen 
inputs (Howarth et al., 2002) is estimated from anthropogenic nitrogen sources associated 
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with agricultural activity and urbanization (Howarth et al., 2002, 2000; Preston et al., 
1998; Boynton et al., 1995;) resulting in degraded water quality, fisheries and other 
ecosystem services (Howarth et al. 2002, 2000; Boyer et al., 2002).  Similar degradation 
has been observed in North Carolina’s Albemarle-Pamlico Estuarine System, the US’s 
second largest estuary after the Chesapeake Bay, as a result of intense agricultural and 
livestock production as well as coastal and headwater urban development and long range 
transport and deposition. (Paerl, 2006). 
Numerous studies have linked land use and land cover to effects on nitrogen 
transport and the water quality of receiving waters (Shields et al. 2008; Poor and McDonnell, 2007; Brett et al., 2005; Walsh et al., 2005; Wollheim et al., 2005; 
Groffman et al., 2004; Strayer et al., 2003; Weller et al., 2003; Boyer et al., 2002; Howarth et al., 2002; Jones et al., 2001; Carpenter et al., 1998; Jordan et al., 1997b; Arnold and Gibbons, 1996).  For example, it has been shown that higher nitrogen loads 
associated with agriculture and urbanization can be attributed to increased nitrogen 
sources such as fertilizer and septic/sewer leakage, as well as altered hydrologic 
pathways such as overland flow from increased impervious cover.   
However, less studied are the discharge distribution of loads and the role of 
hydroclimate variability on nutrient mobilization and transport (Shields et al., 2008; 
Royer et al., 2006).  Nitrogen export depends on source availability as well as the 
mechanisms that transport nitrogen to surface waters, both of which vary temporally and 
can be affected by extreme climatic events.  For example, alternating dry and wet spells 
can lead to accumulation of nitrogen and subsequent flushing (Royer et al., 2006; Creed 
et al., 1996; Hornberger et al., 1994) also referred to as contaminant pulses (Kaushal et 
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al., 2010).  This study aims to examine the effects of hydroclimate variability on the 
magnitude and timing of nitrogen export from catchments with different land use 
characteristics.  This research becomes increasingly important in light of climate change 
predictions of increased variability in precipitation and hydrologic extremes, such as for 
example increases in both the frequency and the intensity of heavy and extreme 
precipitation events (Intergovernmental Panel on climate Change (IPCC), 2007; Webster 
et al., 2005; Senior et al., 2002; Goldenberg et al., 2001; Gleick et al., 2000; Karl and 
Knight, 1998; Trenberth, 1998). Better management of watersheds and water bodies, 
hinges of a better understanding of how watershed hydrology and chemistry under 
different land uses will respond to these predicted changes (Kaushal et al., 2010, 2008).   
 2. BACKGROUND  
 
 A number of studies have linked variability in nitrogen concentrations and export 
to different land uses (Poor and Mc Donnell, 2007; Wollheim et al., 2005; Weller et al., 
2003; Jordan et al. 2003, 1997a, 1997b; Boyer et al., 2002; Line et al., 2002; Heisig, 
2000).  Boyer et al. (2002) found that N sources vary widely by catchment and are 
strongly related to land use.  Examination of riverine nitrogen export in relation to 
anthropogenic sources in the Northeastern United States revealed that agricultural and 
urban lands contribute significantly to total nitrogen loading in the region as a result of 
fertilizer use, N-fixation in crop lands, feed and food imports, wastewater and reduced 
retention.  Jordan et al. (2003, 1997a, 1997b) reported and Weller et al. (2003) modeled 
increases in average non-point source nutrient concentrations (including total nitrogen 
and nitrate) in association with increased cropland and developed land proportions in the 
Patuxent River watershed in Maryland and other catchments in the Mid-Atlantic region 
which drain into the Chesapeake Bay.  Wollheim et al. (2005) observed higher nitrogen 
concentrations and export, associated with lawn fertilizer and septic system inputs in their 
urban site compared to their forested site in the Plum Island Ecosystem LTER watershed 
in Massachusetts.  Heisig (2000) found elevated baseflow concentrations of nitrogen in 
residential and agricultural basins compared to a forested basin in the Croton Watershed 
in Southeastern New York with the highest concentrations of nitrate observed in the 
unsewered residential basin attributed to domestic wastewater disposal though septic 
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systems.  Poor and McDonnell (2007) observed higher nitrate export from an agricultural 
and residential catchment compared to a forested site monitored in the Oak Creek 
watershed in Oregon.  While some of the highest concentrations were recorded in the 
agricultural catchment in the fall, the residential catchments exhibited consistently 
elevated nitrate export due to a constant lawn fertilizer source. 
In the Long Term Ecosystem Research (LTER) Baltimore Ecosystem Study 
(BES), the highest export of nitrogen has been observed in the agricultural catchment, 
followed by the urban and suburban catchments, with the forested catchment exhibiting 
the lowest levels of nitrogen export (Kaushal et al., 2008; Shields et al., 2008; Groffman 
et al., 2004).  This can be attributed in part to higher anthropogenic sources, such as lawn 
fertilizer (Law et al. 2004), septic and sanitary sewer leakage (Shields et al., 2008; 
Groffman et al., 2004), nitrogen fixation from soybean crops and fertilization of corn 
crops (Kaushal et al., 2008), all of which have been found to be important inputs of 
nitrogen to the system. 
Aside from the direct increases in nitrogen availability in these catchments from 
human activity and varying land uses compared to a forested reference catchment, 
indirect changes in nitrogen availability have also been observed in the more disturbed 
catchments as a result of urbanization.  For example, Groffman et al. (2003, 2002) found 
that riparian zones can act as sources rather than sinks of nitrate in urbanized catchments 
due to altered hydrology associated with urbanization.  These urban riparian zones often 
become hydrologically disconnected from the uplands and streams, due to both 
stormflow infrastructure which bypasses natural flow routes and to lower infiltration rates 
associated with impervious cover, resulting in lower water tables.  Aerobic conditions 
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from soil saturation deficits favor nitrification and limit denitrification, while 
denitrification is further limited by lower organic matter often associated with urban 
riparian areas (Groffman et al., 2003, 2002).  
Interestingly, Groffman et al. (2005) also found that in the same BES catchments, 
organic rich debris dams in urban and suburban streams can act as hotpots of 
denitrification and can be important sinks of nitrate.  However these structures are not 
permanent and can be displaced during high storm flows and have also been shown to 
support high rates of nitrification, implying that their function can change from sink to 
source depending on conditions.  Grimm et al. (2005) found that urban streams in the 
Southwestern United States had lower nitrogen retention compared to unaltered desert 
streams.  Meyer et al. (2005) also observed lower uptake velocities in urban streams in 
Arizona and attributed higher nutrient concentrations to increased inputs as well as 
reduced rates of nutrient removal.  Lower stream uptake and other well-acknowledged 
manifestations of ecological degradation of streams draining urban landscapes, known as 
“the urban stream syndrome”, are thoroughly discussed by Walsh et al. (2005). 
In view of all the factors which control nitrogen export from different land uses 
and the complexity that arises when considering how sources and transport change in 
altered catchments, an important question which emerges is how these sources and 
controls of nitrogen export will change with varying hydroclimate conditions predicted 
under potential future climate change.  While climate change models disagree in details 
of future scenarios, most concur that hydrologic extremes - extreme droughts and 
extreme precipitation events (e.g. hurricanes) - will intensify (Intergovernmental Panel on 
climate Change (IPCC), 2007; Webster et al., 2005; Senior et al., 2002; Gleick et al., 
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2000; Shriner and Street, 1998).  Specifically, an increase in magnitude and frequency of 
droughts is predicted by Shriner and Street (1998) while other research predicts a trend in 
elevated storm and hurricane activity in the Atlantic basin (Goldenberg et al., 2001) and 
an increase in the number of intense hurricanes (category 4 and 5) and tropical cyclones 
worldwide as a result of warming sea surface temperatures (Webster et al., 2005), as well 
as a general increase in the frequency and severity of intense precipitation events (Senior 
et al., 2002; Gleick et al., 2000; Karl and Knight, 1998; Trenberth, 1998).  Most recently 
the Intergovernmental Panel on Climate Change (IPCC) in their Fourth Assessment 
Report (2007) concluded that in future years there will be greater climate variability and 
hydrologic extremes. 
 A growing body of research is examining the ecological effects associated with 
climate variability (Kaushal et al., 2010, 2008; Palmer et al., 2008; Royer et al., 2006; 
Paerl et al., 2006; Donner et al., 2004; Warren et al., 2001; Band et al., 1996).  Paerl et al. 
(2006) examined the effect of anthropogenic and climatic influences on large estuarine 
ecosystems on the eastern coast of the United States and found that hydrologic 
perturbations such as droughts, floods and storm-related events can overwhelm nutrient 
controls resulting in changes in algal biomass and species composition.  In a study of the 
influence of climate on in-stream removal of nitrogen, Donner et al. (2004) concluded 
that riverine removal of nitrogen via denitrification can be significantly lower during wet 
years due to reduced contact between nitrogen and stream sediments.  Furthermore, 
higher loading from terrestrial sources during wetter years, in conjunction with lower 
removal rates, means that a higher fraction of nitrate will reach coastal waters.  Palmer et 
al. (2008) projected river discharge under different climate and water withdrawal 
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scenarios and determined that every populated basin worldwide will experience changes 
in discharge.  More specifically, while modeling watershed ecosystem processes’ 
sensitivity to three different potential climate change scenarios, Band and al. (1996) 
found that the impact of climate change can shift from year to year in terms of hydrologic 
flux and may not exhibit long-term average changes.  These findings further enforce the 
necessity of a better understanding of how watersheds will respond to alternating extreme 
hydrologic fluxes.    
In a study of riverine nutrient export patterns across a range of discharges in three 
artificially drained agricultural watersheds in Illinois, Royer, et al. (2006) found higher 
overall export during the 2002 wet year compared to the 2003 dry year with most nitrate 
export taking place during spring high flow conditions.  Warren et al. (2001) reported 
episodic releases of sulphate from a wetland in Ontario, Canada, following a summer 
drought when wetter conditions from precipitation events established hydrologic 
connectivity between the wetland and stream.  In a study of the influence of climate on 
nitrogen export from large watersheds in the Northeastern United States, Howarth et al. 
(2006) suggest that previously reported greater nitrogen fluxes in years with higher 
discharge, may be attributed to build-up of nitrogen in the landscape during dry years and 
flushing of the stored nitrogen during wet years.   
Similar flushing behavior has been reported in a number of other studies (Poor 
and McDonnell; 2007; 1998; Creed et al. 1998a, 1998b, 1996; Boyer et al., 1997; 
Hornberger et al., 1994).  Hydrological flushing can be defined as a characteristic peak in 
the concentration of a biogeochemical solute during the rising limb of a hydrograph, 
followed by a drop in concentrations during the falling limb of the hydrograph (Creed et 
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al., 1998b) This behavior, results from nutrient accumulation in the soil profile during dry 
low flow periods, followed by a mobilization of nutrients as groundwater tables rise and 
subsurface flow paths to the stream are reactivated during wetter periods (Creed et al., 
1998a, 1998b, 1996; Burns, 2005).  Seasonal flushing is common in many landscapes 
with varying topography, where nutrient export and availability is regulated by varying 
source area, as seen in a forested catchment in the Turkey Lakes Watershed, in Ontario, 
Canada (Creed et al., 1998a, 1998b, 1996).  Poor and McDonnell, (2007) describe 
differences in the timing and magnitude of nitrate flushing between forested, agricultural 
and residential catchments in western Oregon resulting from  anthropogenic alterations 
which affect both the transport and availability of nitrogen.  More specifically, Barbé et 
al. (1996) examined pollutant build-up and wash-off associated with impervious cover 
and human activity in urban watersheds.  Pollutants such as nitrate can accumulate on 
impervious surfaces from atmospheric deposition which increases with proximity to 
roads and from lawn fertilization (Line et al., 2002), and can then be transported directly 
to streams during precipitation events via stormflow infrastructure (Groffman et al. 2003, 
2002; Arnold and Gibbons, 1996) without infiltrating into the soil where they can be 
biogeochemically processed. 
It is clear that hydrologic extremes can have important implications for the timing 
and magnitude of export from varying land uses.  For example, Kaushal et al. (2008) 
report that following a severe drought in 2002, above normal precipitation in 2003, 
(including Hurricane Isabel in September of 2003) contributed to the most severe water 
quality problems reported in the Chesapeake Bay.  In the same BES study, lower rates of 
nitrogen retention were estimated for the agricultural, urban and suburban watersheds 
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compared to a forested catchment during the wet year.  Lower retention during a wet year 
in an urbanized catchment was also noted by Wollheim et al. (2005) in the Plum Island 
Ecosystem LTER watershed, MA.  Furthermore, Shields et al. (2008) found that most 
nitrogen export in urbanized catchments in the BES took place during high flow 
conditions, compared to catchments with more natural hydrology such as a forested, 
agricultural and low density exurban catchment which exported most nitrate under low 
flow.  The tendency for more heavily developed catchments to export nitrate at higher 
flow was attributed to increased impervious cover and effective connectivity to the 
stream in these catchments. 
In light of climate change predictions and their potential ecological impacts 
discussed above, as well as the complexity of catchment behavior, a better understanding 
of how different land uses respond to hydroclimate variability becomes increasingly 
important.  Furthermore, a better understanding of how nitrogen sources and their 
mobilization to the stream will respond to alternating dry and wet spells, is critical for 
better management as catchments become increasingly more urbanized. 
This study will examine how nitrogen concentration and export vary with 
different discharges and during different hydrologic extremes such as a severe drought in 
2002 followed by an unusually wet year in 2003, taking into consideration the variability 
in nitrogen availability and mobility within different land uses.  Furthermore, we will 
examine catchment sensitivity to dry-wet transitions, whether catchments exhibit a 
memory effect in concentration behavior following extreme hydrologic events, and 
whether these vary with land use. 
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The role of hydroclimate variability will be examined by answering the following 
questions:  
 
1. How do nitrogen load and concentration vary as a function of discharge, 
season and their interactions with ecosystem processes and to what extent are 
hydrology and ecosystem coupled? 
 
2. What are the sources and patterns of nitrogen export and concentration 
from different land uses and how do these vary temporally?  
 
3. How do different land uses respond to hydroclimate variability?   
 
4. How does the timing and magnitude of nitrogen concentration and export 
vary as a function of infrastructure, such as septic, sanitary sewer lines, 
drainage pipes and waste water treatment plants? 
 
Watersheds in the Mid Atlantic United States were selected to represent a range 
of land uses from forested and agricultural to urban and exurban using Land Use Land 
Cover data available from the National Land Cover Data (NLCD).  Nitrogen loads were 
estimated using Fluxmaster, a program developed by the US Geological Survey (USGS) 
(Hoos et al., 2008; Schwarz et al., 2006), in conjunction with water chemistry and daily 
flow data from the past twenty years available from the USGS National Water 
Information System (NWIS) database.  Time series of loads, concentration and discharge 
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were developed as well as cumulative export curves that show cumulative nitrogen export 
over a range of discharges to examine the relationship between nitrogen export and 
discharge.  Finally, this data was linked to land use characteristics using GIS, to 
determine how different land uses respond to hydroclimate variability. 
Findings of this research include conditions controlling the export of nitrogen 
from watersheds in response to land surface characteristics, hydrologic variability and 
ecosystem processes.  The latter is becoming increasingly important in light of efforts to 
value (Boyd and Banzhaf, 2006) and restore ecosystem function to achieve ecosystem 
services.  Results also indicate the hydroclimate conditions under which nitrogen export 
is most significant.  This information will enable more efficient design of Best 
Management Practices (BMPs) whose effectiveness is dependent on the timing and 
magnitude of nutrient export.  Furthermore, findings from this study will aid in the 
development of better informed Total Maximum Daily Loads (TMDLs) (Royer et al. 
2006), and will help improve stream restoration projects which aim to reduce 
downstream nitrogen transport as discussed by Shields et al. (2008).   
 
 3. DATA AND METHODS 
3.1. Study site  
Two sets of catchments of varying land uses were selected for this study to 
examine whether results and findings from our intensely monitored sites are applicable to 
other catchments in the region. 
 
3.1.1. Baltimore Ecosystem Study sites 
The Baltimore Ecosystem Study (BES) is part of the Long Term Ecosystem 
Research (LTER) network (http://www.beslter.org).  The first set of catchments analyzed 
includes eight catchments representing a range of land uses on an urban to rural gradient 
in the BES.  These sites are predominantly focused on the Gwynns Falls watershed 
(Figure 1), with an area of 17,150 ha, the majority of which lies in the Piedmont.  The 
Gwynns Falls extends from the rapidly growing less densely populated rural/suburban 
fringe of Baltimore County, through older residential and suburban zones to the more 
densely populated urban center of Baltimore City, and finally drains into the Chesapeake 
Bay (Shields et al., 2008; Groffman et al., 2002). 
Watershed population was approximately 356,000 people in 2000 with 
subwatershed densities ranging from 2.2 to 19.5 persons/ha (Shields et al. 2008).  
  14 
Catchments range in size from 7.8 to 16,378 ha and encompass a variety of land use and 
land cover types shown in Table 1 (Shields et al., 2008). 
Water quality sampling includes four sampling sites (Glyndon, Gwynnbrook, 
Villanova and Carroll Park) situated along the main Gwynns Falls channel which 
transverse a rural/suburban to urban gradient (Figure 1) (Shields et al., 2008; Groffman et 
al., 2004).  McDonogh and Dead Run, are tributaries to Gwynns Falls and are classified 
as an agricultural (cultivated crop consisting of corn and soybean) and a more urbanized 
catchment respectively.  Two additional sites are also included in the BES and are located 
northeast of the Gwynns Falls watershed in the nearby Gunpowder River watershed.  
These include Pond Branch, a small completely forested reference catchment and 
Baisman Run a suburban watershed which contains a mix of forest and very low density 
exurban development (Shields et al., 2008; Law et al., 2004).  Baisman Run has no 
sanitary-sewer infrastructure and relies entirely on septic systems, while the majority of 
Gwynns Falls is serviced by sanitary sewer lines and wastewater is processed in Waste 
Water Treatment Plants (WWTPs) outside the watershed. 
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Figure 1. Baltimore Ecosystem Study (BES) site containing the Gwynns Falls watershed in Baltimore 
city and county and the Gunpowder River watershed to the northeast (image taken from Shields et 
al., 2008). 
 
 
Table 1. BES catchment land use and impervious surface percentages.* 
      Land Use Classes 
Catchment 
Area 
(ha) 
Impervious 
Surface 
Cultivated 
Crop Forest Open Low Medium High Other 
Pond Branch 38 0 0 100 0 0 0 0 0 
Baisman Run 382 0.26 2 71 1.4 0.19 0 0 25 
Glyndon 81 19 5 19 26 19 12 4 15 
Gwynnbrook 1065 15 8 17 21 25 6 5 18 
Villanova 8349 17 10 24 17 21 9 2 17 
Dead Run 1414 31 2 5 27 41 16 6 3 
Carroll Park 16378 24 6 18 20 26 15 5 10 
McDonogh 7.8 0 70 26 0 0 0 0 4 
* Table taken from Shields et al. (2008) 
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3.1.2. Non-BES sites 
A second set of catchments was selected to examine whether findings from the 
BES catchments are applicable to a wider geographic region and larger scales and to 
determine whether BES is representative of catchments with similar land use types in 
other areas (Figure 2).  Selection was restricted to watersheds in the Piedmont area of the 
Mid Atlantic region and North Carolina (with the exception of Patuxent River near 
Bowie, MD, which extends into the Southeastern Plains, Ecoregion III subdivision) that 
had at least ten consecutive years of continuous flow data and quarterly sampling of total 
nitrogen and nitrate stream chemistry.  This resulted in four catchments in Maryland and 
North Carolina meeting the criteria (Table 2). 
Catchments range in size from 2,190 ha to 89,100 ha, and represent a variety of 
land uses listed in Table 3.  Catchment population based on 2000 census block data 
ranges from 1,743 persons to 351,508 persons with average densities ranging from 0.46 
person/ha to 3.95 persons/ha estimated using 2000 census block population data averaged 
over the area of each catchment (Table 3).  None of the catchments contain WWTPs, 
except for Patuxent River near Bowie, MD. 
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Figure 2. Non-BES catchments in Maryland: 01591000-Patuxent River near Unity, MD and 01594440-Patuxent River near Bowie, MD (left) and in 
North Carolina: 02085000-Eno River at Hillsborough, NC and 02097464-Morgan Creek Near White Cross, NC (right).
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Table 2. List of non-BES catchments that met selection criteria. 
station_name station_id huc8 lat lon Area (ha) 
NC      
Eno River at Hillsborough, NC 02085000 03020201 36.0711111 -79.0955556 17030 
Morgan Creek near White Cross, NC 02097464 03030002 35.9236111 -79.115 2190 
MD      
Patuxent River near Unity, MD 01591000 02060006 39.23825 -77.0557222 8690 
Patuxent River near Bowie, MD 01594440 02060006 38.95591667 -76.6936944 89100 
 
 
Table 3. Non-BES catchment characteristics including: population, population density, land use, impervious surface and canopy cover percentages. 
          Land Use Classes 
station_name Area (ha) Population Persons/ha 
Impervious 
surface 
Canopy 
cover Agriculture Forest Urban Other 
          
Eno River at Hillsborough, NC 17030 11101 0.65 2.02 50.98 26.10 56.31 11.75 5.84 
Morgan Creek near White Cross, NC 2190 1743 0.80 0.44 62.03 18.82 71.06 5.43 4.68 
          
Patuxent River near Unity, MD 8690 4010 0.46 0.30 36.86 58.80 39.22 1.13 0.85 
Patuxent River near Bowie, MD 89100 351508 3.95 6.05 30.77 43.95 30.80 21.60 3.64 
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3.2. Hydroclimate 
BES catchments are characterized by lower runoff in the summer and fall months 
and higher runoff during the spring and winter months.  Average annual stream discharge 
ranges from 320 mm/year in the reference forested catchment (Pond Branch) to 564 
mm/year in one of the most urbanized catchments (Dead Run).  Average annual stream 
discharge for the entire Gwynns Falls watershed is approximately 456 mm/year and 
average annual precipitation is 1107 mm/year (Baltimore Ecosystem Study LTER 
http://www.lternet.edu/sites/bes).  Rainfall is greatest in the summer and early fall, when 
storm activity results in 10% higher precipitation during this period than during the 
remaining three seasons of the year (Groffman et al., 2004). 
The period of record for the BES catchments (1998-2008) covers a range of 
hydroclimate conditions, with a severe drought in 2002, when annual precipitation was at 
67%  of the annual mean, followed by an unusually wet year in 2003, when annual 
precipitation was at 132% of the annual mean (Shields et al., 2008).  A second drought 
took place from 2007-2008 (NOAA National Weather Service Eastern Region 
Headquarters, http://www.erh.noaa.gov).  In addition, two major storms, hurricane Floyd 
and Isabel struck the area in September 7-19, 1999 and September 6-20, 2003 
respectively (NOAA National Hurricane Center http://www.nhc.noaa.gov). 
The period of record for the non-BES sites extends from 1985-2008 for the 
Maryland catchments and from 1995-2009 for the North Carolina catchments.  This time 
period encompasses a drought which affected the entire Mid-Atlantic region from 1988-
1989 (NOAA Satellite Information Service, National Climatic Data Center, 
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www.ncdc.noaa.gov), a severe drought in North Carolina from 1998-2002 (USGS North 
Carolina Water Science Center Publication) which also affected Maryland in 1999 and 
2002 (NOAA Satellite Information Service, National Climatic Data Center, 
www.ncdc.noaa.gov), and the 2007-2009 drought which affected both North Carolina 
and Maryland (NOAA National Weather Service Eastern Region Headquarters 
(http://www.erh.noaa.gov).  Large concentrated precipitation events include hurricane 
Fran which affected North Carolina from August 23-September 8, 1996 and hurricane 
Floyd and Isabel, already mentioned above for the BES sites (NOAA National Hurricane 
Center http://www.nhc.noaa.gov). 
 
3.3. Data 
3.3.1. Streamflow data 
Stream discharge is continuously monitored by the US Geological Survey at all 
BES catchments.  Daily streamflow data for the non-BES catchments was obtained from 
the USGS National Water Information System (http://waterdata.usgs.gov/nwis) web 
interface. 
Baseflow for all catchments was calculated using the smoothed minima technique 
developed by Gustard et al. (1992) and described by Jordan et al. (1997a) in reference to 
their base flow index calculations. 
   21 
3.3.2. Chemistry data 
Stream chemistry for the BES catchments is sampled on a weekly basis.  The 
sampling schedule is not fixed to a particular day and is decided the preceding week, with 
no attempt for collection to coincide or avoid wet weather conditions, so as to maintain a 
level of randomness (Shields et al., 2008; Groffman et al., 2004).  Samples are sent to the 
Institute of Ecosystem Studies (IES) in Millbrook, NY for chemical analysis. 
Total nitrogen and nitrate chemistry data for the non-BES catchments was 
obtained from NWIS and is collected less frequently and more irregularly than the BES 
data.  Only catchments with a minimum of one sample per quarter for at least ten 
consecutive years (with the exception of catchment 02097464 Morgan Creek near White 
Cross, NC, which is missing a quarterly sample in water year 2002 as flow was recorded 
as zero) were considered. 
 
3.3.3. Precipitation data 
 Precipitation data for the BES catchments was obtained from a tipping bucket rain 
gauge at the McDonogh site.  When data was missing at the McDonogh site, because of 
gauge malfunction, it was supplemented using precipitation data obtained from the 
weather station at Baltimore-Washington International Airport (BWI). 
 
3.3.4. Stream network 
Watershed boundaries for the non-BES catchments were derived with ArcHydro 
using elevation grid data in cm derived from the 30 m National Elevation Dataset (NED) 
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and 1:100,000 stream network data, both available from the National Hydrography 
Dataset Plus (NHD Plus) released in 2006 (http://www.horizon-
systems.com/nhdplus/index.php). 
 
3.3.5. Land use land cover 
Land use land cover classifications for the BES catchments were obtained from 
Shields et al. 2008, who used 30m National Land Cover Database (NLCD) 2001 data to 
derive the percent land use and impervious surface cover for each catchment.  Land use, 
impervious cover and canopy cover for the non-BES data was also derived using the 30m 
NLCD 2001 data described in detail by Homer et al. (2003).  The percent land use for 
each category was calculated by first subtracting all areas that were classified as open 
water and then grouping land uses into four main categories: urban, forest, agriculture 
and other, following similar classification breakdowns found in other studies (Fry et al., 
2008; Mehaffey et al., 2005; Musaoglu et al., 2005; Boyer et al., 2002; Anderson et al., 
1976).  Table 4 shows how the NLCD classifications were grouped into four main land 
use categories for the purposes of this analysis.   
Data for the year 2001 was used for all non-BES catchments because it is 
representative of most of the periods of record used in this analysis and technological 
advances have rendered this dataset more accurate than previous datasets.  However, 
because our streamflow and chemistry data encompass a longer time period, the National 
Land Cover Database (NLCD) 1992–2001 Land Cover Change Retrofit Product was used 
to estimate the percent change for each catchment (Fry et al., 2008).  All catchments 
experienced less than 5% change from 1992 to 2001 as shown in Table 5.  Furthermore, 
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none of the land use change categories, specifically forest to urban or agriculture, 
outlined in the literature as having the greatest effect on water quality (Mehaffey et al., 
2005; Musaoglu et al., 2005; Jones et al., 2001) were found to have drastically changed in 
our catchments.  The largest percent change, observed in Eno River at Hillsborough, NC, 
was from “forest” to other categories and was below 5% (Table 5).  All catchments had a 
less than 3% change to “urban”, “grassland/shrub” or “agriculture” respectively (Table 
6).  Mehaffey et al. (2005) found that changes as small as 5% can have a measurable 
effect on water quality.  However, since the percent changes in our catchments never 
exceed 5%, we will assume that they do not have a measurable effect on water quality 
and therefore, the 2001 NLCD dataset can be used for all our catchments.  
 
Table 4. NLCD land use reclassifications for non-BES catchments. 
  NLCD land use class   New classification 
21 Developed, Open Space  
22 Developed, Low Intensity Urban 
23 Developed, Medium Intensity  
24 Developed, High Intensity 
 
 
    
41 Deciduous Forest  
42 Evergreen Forest Forest 
43 Mixed Forest 
 
 
    
81 Pasture/Hay Agriculture 
82 Cultivated Crops  
  
 
 
52 Shrub/Scrub   
71 Grassland/Herbaceous   
90 Woody Wetlands  Other 
95 Emergent Herbaceous Wetlands   
31 Barren Land (Rock/Sand/Clay)     
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Table 5. Percent change from a specific land use class for non-BES catchments. 
Catchments Change to 
another land use 
class from: 02085000 02097464 01591000 01594440 
Open Water 0.01 0.00 0.00 0.01 
Urban 0.03 0.00 0.05 0.06 
Barren 0.00 0.00 0.00 0.00 
Forest 3.15 0.99 0.14 1.89 
Grassland/Shrub 0.00 0.00 0.00 0.00 
Agriculture 0.92 0.88 0.10 0.83 
Wetlands 0.00 0.00 0.00 0.05 
    TOTAL change 
per catchment 4.11 1.86 0.29 2.84 
 
 
Table 6. Percent change to a specific land use class for non-BES catchments. 
Catchments Change from 
another land use 
class to: 02085000 02097464 01591000 01594440 
Open Water 0.46 0.15 0.00 0.15 
Urban 0.50 0.16 0.01 1.77 
Barren 0.02 0.00 0.00 0.06 
Forest 0.76 0.68 0.06 0.04 
Grassland/Shrub 1.25 0.29 0.00 0.00 
Agriculture 1.10 0.59 0.13 0.38 
Wetlands 0.01 0.00 0.10 0.43 
    TOTAL change 
per catchment 4.11 1.86 0.29 2.84 
 
 
 
3.3.6. Population data 
Population data for the non-BES catchments was obtained from the 2000 Census 
block data.  This includes total estimated population, total number of households and 
total number of housing units.  Average population density in persons/ha was calculated 
by dividing the total number of people by the respective catchment’s area. 
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3.4. Methods 
3.4.1. Daily load calculations (Fluxmaster) 
Total nitrogen and nitrate daily loads were calculated using bias-corrected, log-
linear multiple regression models provided in the Fluxmaster program developed by Greg 
Schwarz in SAS (Hoos et al., 2008; Schwarz et al., 2006).  Fluxmaster is generally used 
to estimate long-term mean annual loads for input into the SPARROW (SPAtially 
Referenced Regression on Watershed attributes) model which is used to predict water 
quality trends in the United States (Preston et al., 2009; Schwarz et al., 2006).  In this 
study, Fluxmaster is used in a very different capacity.  For our purposes, Fluxmaster is 
used in conjunction with a lot of graphics (times series, cumulative export curves, water 
chemistry trends by season and by year) and other statistics to interpret the controls that 
affect nitrate concentration and how they differ by land use and also to examine the role 
of ecosystem processes. 
Inputs to the model include daily streamflow and chemistry samples.  Fluxmaster 
calculates daily concentrations by regressing available concentration measurements 
against the logarithm of flow, time and season (Hoos et al., 2008).  The logarithm of flow 
is used because load estimation techniques are based on the “rating curve” which is 
usually a log linear model (Cohn et al., 1992).  Daily loads are estimated as the product of 
predicted daily concentrations and measured daily streamflow data. 
 
The model is described by Hoos et al. (2008) as:  
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where: 
ln[] is natural logarithm function;  
Q is daily streamflow;  
T is time in days;  
π is 3.14169;  
AR is an autoregressive model estimated using lag L=1 
β0-β5 are coefficients to be estimated in the regression analysis; and  
e is model error. 
 
Examination of the observed concentration data plotted against the flow data 
(Figure 3) indicates that the concentration-discharge diagrams exhibit a non-monotonic 
relationship between concentration and flow which would not be captured by a first order 
only flow variable.  Therefore a quadratic model containing a second order flow variable 
was used. 
 
 
Figure 3. Actual nitrate concentration plotted against runoff for Baisman Run shows a non-
monotonic relationship between concentration and runoff, with lowest concentrations at lower and 
higher flows. 
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As per the model developer’s recommendation (Greg Schwarz personal 
communication), an autoregressive factor was also included to account for serial 
correlation in errors inherent in times series data (Hoos et al., 2008; Schwarz et al., 2006) 
for catchments with frequent sampling, specifically catchments with more than two 
samples per month.  A similar econometric model is described by Atasoy et al. (2006) 
and used to account for time and space dependencies in data affecting water quality in 
North Carolina catchments.  
 
The autoregressive model is specified as: 
 
 
 
where:  
 y(t) is concentration in period t; 
x(t) is a row vector of predictors of concentration; 
b is a column vector of coefficients; and 
e(t) is the error term, where: e(t) = r e(t-1) + z(t), r being the serial correlation 
parameter and z(t) error component being independent and identically distributed 
normal over time with mean zero and rmse σ (often called the scale parameter).  
 
Fluxmaster can accommodate censored and serially correlated water quality data.  
Censored data without serial correlation can be modeled using a variant of the Adjusted 
Maximum Likelihood (AML) method developed by Cohn (2005).  The Adjusted 
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Maximum Likelihood model is based on the Tobit maximum likelihood estimation 
method which was developed to account for censored data in regression analysis.  
However, Cohn observed that this method exhibited some bias and therefore developed 
the Adjusted Maximum Likelihood method which is used in LOADEST 2000 and 
corrects the bias resulting from censored data (Cohn, 2005; Cohn et al. 1989). 
 Fluxmaster provides the option to use the Simulated Maximum Likelihood 
(SML) estimation method, for both censored and uncensored data with serially correlated 
errors.  For all BES catchments, predicted values were estimated using the Simulated 
Maximum Likelihood estimation method, which is described in more detail by Lee 
(1999) and Kao et al. (2001), to account for serial correlation associated with high 
frequency water samples (more than two samples per month).  This method produces 
predicted loads that are restricted to pass through the observed data and therefore match 
the observed data exactly, meaning that the model becomes an exact interpolator when 
the autoregressive parameter is included.  For the non-BES catchments Simulated 
Maximum Likelihood estimation was used for the Patuxent River near Bowie, MD, to 
account for serial correlation in the data, based on model output which indicated that 
correction for serial correlation should be included.    For all other non-BES catchments, 
estimation was based on the Ordinary Least Squares (OLS) method, because no censored 
data was included in the dataset and correction for serial correlation was not deemed 
necessary.  In general, model output indicated that correction for serial correlation should 
not be included for catchments whose data was not frequent enough, meaning 
observations were fewer and more spaced out in time. 
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Model runs including both correction for serial correlation (SML) and no serial 
correlation (OLS) were conducted for comparison purposes for the BES catchments.  
When examining the concentration-discharge relationships (Figure 4) it is clear that the 
Simulated Maximum Likelihood method with correction for serial correlation provides a 
better fit for catchments with frequent data which is subject to serial correlation.  Both 
methods are able to capture the trend of the concentration discharge relationship.  
However, Simulated Maximum Likelihood, which includes an autoregressive parameter, 
better captures the form of the relationship and the variance of the observed 
concentrations which is not explained by the model variables of time, season and 
discharge alone.  The autoregressive parameter is therefore able to explain some of the 
spread in the data resulting from ecosystem processes, such as weekly changes in soil 
moisture and temperature that can affect nitrification-denitrification rates, and other 
controls such as between-storm impervious cover nitrogen build-up, all of which affect 
stream chemistry. 
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Figure 4. Fluxmaster predictions using simulated maximum likelihood estimation with a quadratic 
model and an autoregressive term to account for serial correlation (top), ordinary least squares with 
a quadratic model and no correction for serial correlation (middle), and ordinary least squares with 
a 1st order model and no correction for serial correlation (bottom).  The simulated maximum 
likelihood quadratic model correcting for serial correlation provides the best fit for high frequency 
time series data which is susceptible to serial correlation of errors and best describes the non-
monotonic relationship between concentration and discharge. 
 
   31 
3.4.2. Runoff ratio and Baseflow index 
The runoff ratio was calculated by dividing the annual measured streamflow by 
the annual precipitation for each BES catchment.  The runoff ratio for each catchment 
was then averaged over the entire period of record to determine the average runoff ratio 
for each catchment.  
The baseflow index was calculated as the sum of daily estimated base flows for 
each year divided by the sum of daily measured flows for each year (Jordan et al., 
1997a).  The average baseflow for each BES catchment was calculated by averaging the 
baseflow indexes for each catchment for the entire period of record. 
The average runoff ratio and baseflow index calculated for each BES catchment is 
presented in Table 7.  The agricultural catchment (McDonogh) has the lowest runoff ratio 
at 0.36, followed by the forested (Pond Branch), exurban (Baisman Run) and suburban 
(Glyndon) catchments, all of which have a runoff ratio of 0.38.  The more developed 
urban catchments have higher runoff ratios ranging from 0.47 to 0.60 with runoff ratios 
increasing as the percent impervious surface increases.  The highest baseflow index with 
a value of 0.74 was estimated for the forested (Pond Branch) and exurban (Baisman Run) 
catchment.  The agricultural catchment (McDonogh) has the second largest baseflow 
index at 0.65.  The suburban and urban catchments have lower baseflow index values 
ranging from 0.47-0.16, exhibiting a negative relationship between baseflow index and 
percentage impervious cover.  The runoff ratio for Glyndon with a value of 0.38 is low 
considering it has the third highest percent impervious cover.  Furthermore, it has a low 
baseflow index, which does not follow the pattern of low runoff ratio and high baseflow 
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index observed in the other catchments.  This can be attributed to runoff loss to 
infiltration into sanitary sewer lines which is known to occur in this catchment.  
 
Table 7. Average runoff ratios and baseflow indices for BES catchments. 
  
Catchment 
Average  
Runoff Ratio 
Average 
Baseflow Index 
Pond Branch 0.38 0.74 
McDonogh 0.36 0.65 
Baisman Run 0.38 0.74 
Glyndon 0.38 0.24 
Gwynnbrook 0.47 0.47 
Villanova 0.49 0.45 
Dead Run 0.60 0.16 
Carroll Park 0.51 0.40 
4. RESULTS 
4.1. Temporal patterns of concentration and export by land use 
The forested reference catchment (Pond Branch) shows a markedly different 
pattern of nitrate concentration and export compared to the other BES catchments.  
Concentrations peak in the summer when flow is lowest (Figure 5 and Figure 6).  The 
concentration-discharge diagram is characterized by a monotonically decreasing trend 
(Figure 6), indicating a negative relationship between flow and concentration with 
concentrations highest when runoff is lowest.  The clear seasonal separation (Figure 6) 
indicates that season is also an important factor affecting concentrations.  Peak 
concentrations occur during the summer and early fall months when flow is low and 
temperatures are higher, while concentrations drop to the detection level during the 
spring and cooler winter months (with some exceptions) when flow is higher.  Nitrate 
loads follow the same pattern of summer peaks despite low flows during that period 
(Figure 7).   
 In the agricultural catchment (McDonogh) we see both winter and summer peaks 
in concentration (Figure 5).  Furthermore, a dominant pattern of increasing 
concentrations over time starting around 2003 is evident (Figure 5).  This increase in 
concentrations over time dominates the concentration discharge relationship and is 
responsible for the horseshoe pattern, which shows a clear jump in concentrations 
between earlier and later years (Figure 8).  The two tails on the left side of Figure 8 
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correspond to low flow conditions associated with the 2002 and 2007-2008 droughts 
(lower and upper tail respectively).  Despite both winter and summer peaks in 
concentrations, loads peak in the winter only (Figure 7), when the combination of peak 
concentrations and high runoff yield maximum loads.  The increasing trend which is 
evident in concentrations is not apparent in the nitrate export loads.   
All other BES catchments, exurban on septic (Baisman Run), and suburban and 
urban on sanitary sewer infrastructure (Glyndon, Gwynnbrook, Villanova, Dead Run and 
Carroll Park), exhibit distinct winter peaks in concentration at moderate flows (Figure 5 
and Figure 6).  For all developed catchments the concentration discharge relationship 
(Figure 6) is characterized by a non-monotonic form with highest concentrations at 
moderate flow, around 1mm/day, and lower concentrations on either side of the runoff 
spectrum.  A seasonal separation in concentrations is evident, however it is opposite of 
that which we see in the forested catchment, with winter peaks at moderate flow, low 
summer concentrations at low runoff values and low spring concentrations at higher 
runoff values.  Interestingly, some of the most urbanized catchments with the highest 
percentages of impervious cover (Dead Run and Carroll Park) also exhibit a few spring 
and summer peaks in concentration (Figure 5 and Figure 6) which are not evident in the 
less urbanized catchments.  No distinct long term patterns are apparent except for the 
suburban catchment on sanitary sewer infrastructure (Glyndon) which exhibits a 
decreasing trend in concentration over time (Figure 5).  Loads follow the same pattern as 
the agricultural catchment with peaks in the late winter when peak concentrations and 
moderate to high runoff result in peak nitrate export (Figure 7).  Loads in Glyndon do not 
exhibit a decrease over time as observed with the concentrations (Figure 7). 
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 We tested whether the intra-annual variability in concentrations that is evident in 
all catchments (Figure 6) is statistically significant by generating quadratic models which 
included the continuous variable of runoff and the categorical variable of season, as well 
as the interaction between runoff and season.  Using the “anova” function in R, we 
carried out an F-test using a p value of 0.05 to test the null hypothesis that model 
parameter coefficients are the same between different seasons.  Our tests indicate whether 
there is a categorical effect of season on both concentration (either as a vertical or 
horizontal shift in the concentration-runoff relationship) and the shape of the 
concentration-runoff relationship by examining whether the shape of the parabola 
changes from season to season.  Results (Table 8) show that season has a significant 
effect on concentrations in all catchments.  Furthermore, the categorical variable of 
season also affects the shape of the concentration-runoff parabola in more than half the 
catchments (Gwynnbrook, Pond Branch, Villanova, Baisman Run and McDonogh).  
Winter concentrations are significantly higher from other seasons in all catchments 
except for Baisman Run (exurban on septic) where the shift in concentrations is not 
significant and Pond Branch (forested catchment) where summer concentrations are 
significantly higher than other seasons (Table 14 Appendix). 
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Figure 5.  Daily runoff (blue), baseflow (orange), modeled (red) and observed (green) nitrate concentrations plotted against time for all BES catchments 
for the entire period of record including a drought in 2002 and a wet year in 2003.  Note: concentrations for Pond Branch, Dead Run and Carroll Park 
are graphed on log scale. 
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Figure 5.  (continued) 
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Figure 6.  Observed nitrate concentrations plotted against runoff for all BES catchments.  Concentration-discharge relationships are non-monotonic for 
all catchments except for the forested one (Pond Branch) and display seasonal separation, with winter peaks present in all catchments except the 
forested one which is characterized by summer peaks. 
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Figure 6.  (continued)
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Figure 7. Daily runoff (blue), baseflow (orange), modeled (red) and observed (green) nitrate loads plotted against time for all BES catchments for the 
entire period of record including a drought in 2002 and a wet year in 2003. 
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Figure 7. (continued)
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Table 8. Statistical output for tests of season effect on BES catchment nitrate concentrations.  Model terms include runoff, a quadratic  
runoff term, season, the interaction of season and runoff, and the interaction of season and the quadratic runoff term.* 
  p-value by catchment 
Model terms Carroll Park Dead Run Glyndon Gwynnbrook Pond Branch Villanova Baisman Run McDonogh 
Intercept <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
log(runoff) 0.0004 0.4692 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
(log(runoff))^2 0.0655 <.0001 <.0001 0.6302 <.0001 <.0001 <.0001 <.0001 
season <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.0032 0.0203 
log(runoff):season 0.0351 0.0002 <.0001 <.0001 <.0001 0.0109 0.0003 0.0002 
(log(runoff))^2:season 0.9476 0.2272 0.9028 <.0001 0.0062 0.0079 <.0001 0.0236 
*Values in bold indicate statistically significant effect of season and season-runoff interaction at p=0.05.
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Figure 8. McDonogh (agricultural catchment) observed nitrate concentrations for time periods 1999-
2002 and 2003-2008 plotted against runoff.  The distinct horseshoe pattern can be attributed to 
increases in concentration during the latter years, most likely from a change in fertilization and 
manure application practices toward higher application rates. 
 
 
4.2. Fluxmaster results 
The results from the Fluxmaster regression output generally support observations 
made from graphing the patterns of nitrate concentration and export for the different 
catchments.  An examination of the parameter coefficients and their significance shows 
that for all catchments except for the forested one (Pond Branch), flow is a significant 
explanatory variable (Table 9).  The lack of significance of a flow factor for the forested 
catchment is both unexpected and surprising.  For all other catchments where the flow 
parameter is significant, the quadratic term is always significant therefore indicating that 
a quadratic relationship between flow and concentration outweighs the linear 
relationship.  The season parameters are significant in all catchments except for the 
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agricultural catchment (McDonogh) and highly urbanized catchment with the highest 
percentage of impervious cover (Dead Run).  Finally, the trend parameter is significantly 
negative in Glyndon, as already observed in the time series plots of nitrate concentrations 
while McDonogh, Gwynnbrook and Dead Run, all have significantly increasing trends 
over time. 
 Furthermore, Fluxmaster output shows that serial correlation is significant in all 
catchments (Table 9), except for Gwynnbrook, where serial correlation is estimated as 
zero.  This suggests that serial correlation is not important in Gwynnbrook, while in all 
other catchments data are highly serially correlated, as shown by their large serial 
correlation values.  
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Table 9. Fluxmaster water quality model parameter coefficients, p-values and standard error 
estimates for BES catchments.* 
  Parameter coefficient values 
Catchment intercept flow flow^2 sin cos trend scor 
Pond Branch -3.870 -0.017 0.027 -0.341 -0.938 -0.002 0.934 
Baisman Run 0.452 -0.070 -0.094 0.087 0.096 -0.004 0.925 
Glyndon 0.309 -0.178 -0.012 0.104 0.180 -0.039 0.836 
Gwynnbrook 0.822 -0.013 -0.041 0.050 0.066 0.018 0.001 
McDonogh 0.448 -0.550 -0.063 0.035 -0.001 0.085 0.770 
Villanova 0.301 0.147 -0.044 0.157 0.112 -0.003 0.918 
Dead Run -0.453 0.251 -0.053 -0.017 0.105 0.068 0.783 
Carroll Park 0.068 0.154 -0.025 0.133 0.077 0.007 0.928 
        
 Parameter coefficient p-values 
Catchment intercept flow flow^2 sin cos trend scor 
Pond Branch <.0001 0.888 0.234 <.0001 <.0001 0.929 <.0001 
Baisman Run <.0001 <.0001 <.0001 0.009 0.006 0.635 <.0001 
Glyndon <.0001 <.0001 0.005 0.001 <.0001 <.0001 <.0001 
Gwynnbrook <.0001 0.569 <.0001 0.006 <.0001 <.0001 NA 
McDonogh <.0001 <.0001 <.0001 0.330 0.983 <.0001 <.0001 
Villanova 0.007 0.007 <.0001 <.0001 0.001 0.722 <.0001 
Dead Run <.0001 <.0001 0.016 0.784 0.075 <.0001 <.0001 
Carroll Park 0.727 0.072 0.004 0.001 0.057 0.450 <.0001 
        
 Paraneter coefficient standard errors 
Catchment intercept flow flow^2 sin cos trend scor_std 
Pond Branch 0.174 0.123 0.023 0.097 0.112 0.023 0.029 
Baisman Run 0.030 0.011 0.005 0.033 0.035 0.009 0.030 
Glyndon 0.030 0.016 0.004 0.032 0.034 0.007 0.039 
Gwynnbrook 0.024 0.022 0.005 0.018 0.017 0.004 NA 
McDonogh 0.072 0.056 0.009 0.036 0.031 0.011 0.029 
Villanova 0.111 0.054 0.006 0.034 0.033 0.008 0.033 
Dead Run 0.060 0.071 0.022 0.063 0.059 0.015 0.031 
Carroll Park 0.195 0.085 0.009 0.038 0.040 0.009 0.023 
* Values in bold indicate statistical significance at a p=0.05.  
** When the serial correlation parameter has a value of zero it indicates that serial  
correlation is not present in the data. 
*** Standard error is not calculated when the serial correlation parameter is zero.  
    46 
4.3. Cumulative export over the distribution of stream discharges 
 The difference in catchment behavior based on land use exhibited in the time 
series and concentration-runoff relationships is further supported by examining the 
cumulative export for each catchment over the distribution of runoffs.  Comparison 
between the cumulative export curves for different catchments shows that their behavior 
changes with land use (Figure 9).  While the forested catchment (Pond Branch) exhibits a 
sigmoidal relationship between the percent of cumulative nitrate export and runoff, the 
shape of the curve changes towards a more linear relationship as catchments become 
more urbanized and their percent impervious cover increases.  In the forested catchment 
(Pond Branch) 50% of the nitrate export takes place at a runoff value of 1mm/day or less 
and 75% of the export takes place at moderate flows just above 1mm/day.  This implies 
that most of the nitrate export takes place under low flow (baseflow) to moderate flow 
conditions.  The agricultural catchment (McDonogh) and the exurban catchment on septic 
(Baisman Run) both of which maintain a fairly natural hydrology (Shields et al., 2008) 
follow the forested catchment’s curve very closely (Figure 9).  However, as catchments 
become increasingly urbanized and the percent impervious cover increases we see a 
distinct diversion of the curves, especially at higher runoff values, with increasingly 
higher percentages of cumulative export taking place under high flow conditions.  While 
some catchments (Gwynnbrook and Villanova with 15% and 17% impervious cover 
respectively) closely follow the curve of the forested catchment at low runoff, they 
diverge at flows over 1mm/day, with 50% of export taking place at above moderate flows 
(1mm/day).  The effect becomes more prominent as impervious cover increases, as seen 
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with Glyndon and Carroll Park, which have 19% and 24% impervious cover respectively.  
One of the most urbanized catchments with the highest percent impervious surface (Dead 
Run) shows a clear separation from the rest of the curves.  Less than 25% of the export 
takes place under moderate flows up to 1mm/day, indicating that very little export takes 
place under baseflow conditions and that most nitrate is exported under high flow, such 
as stormflow. 
 
 
 
Figure 9. Cumulative export curves for all BES catchments showing the percent cumulative nitrate 
export plotted against the distribution of runoff values.  Cumulative nitrate export shifts to higher 
discharge as catchments become more urbanized and percent impervious cover increases. 
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4.4. Response to hydroclimate variability 
While we see distinct behavioral patterns in terms of concentration and exported 
load within the different land-uses, one of the main questions is how these different land 
uses respond to hydroclimate variability.  We focus on the three year period of 2002-
2004 which contains a severe drought in 2002 and an above average wet year in 2003.  
The year 2004 is also included to examine whether the effect of hydroclimate variability 
extends past the dry and wet spells and to determine whether catchments exhibit a 
memory effect or temporal lag in response to hydroclimate extremes. 
The forested catchment once again shows a distinctly different response to the 
drought than the rest of the catchments.  Concentrations peak during the 2002 drought 
(Figure 5 and Figure 10).  In 2003 concentrations drop when flow is unusually high and 
despite an increase in 2004, continue to remain low compared to other years.  Although 
we see an increase in concentrations in 2002, nitrate export actually drops during that 
period, reaching the lowest values recorded during our study period (Figure 7).  This 
indicates that despite peak concentrations during the drought, exported loads drop 
because of such low flow conditions. 
 All other catchments exhibit lower concentrations during the 2002 drought.  The 
most dramatic drop is seen in the agricultural (McDonogh) and exurban catchment on 
septic (Baisman Run) (Figure 5).  Concentrations in the exurban catchment on septic drop 
to near detection level values in 2002, followed by some of the highest values of the 
entire study period in 2003 suggesting a flushing behavior, and remain fairly elevated in 
2004 (Figure 5).  Exported loads follow a similar pattern with a very distinct drop in 2002 
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and elevated values though 2003 and 2004 compared to other years (Figure 7).  We 
observe similar concentration and load behavior in the agricultural catchment (Figure 5 
and Figure 7).  Both catchments also exhibit a similar but less pronounced behavior in 
2007-2008 when another drought took place (Figure 5), however the effect is not as 
pronounced, because the drought was not as severe and was not followed by an above 
average wet year. 
 The effect of the drought and wet year is less apparent in the more developed 
catchments.  A drop in concentrations is evident in Villanova, however it is not 
pronounced as the drop we see in the agricultural and exurban catchments (McDonogh 
and Baisman Run) (Figure 5).  During the wetter 2003 and 2004 years Villanova exhibits 
an increase in concentrations with 2004 experiencing some of the highest concentrations 
during our entire study period (Figure 5).  Exported loads follow similar patterns (Figure 
7).  The remaining developed catchments (Glyndon, Gwynnbrook, Dead Run and Carroll 
Park) all show a drop in nitrate loads in 2002 (Figure 7), followed by increases during the 
wetter 2003 and 2004 years.  However, the effect is more muted when examining the 
concentrations during those same years (Figure 5), which do not change as drastically as 
we have seen in other catchments.  
 To determine whether the apparent inter-annual shift in concentrations during 
2002-2004 is statistically significant, we developed quadratic models including the 
continuous variable of runoff, the categorical variable of year and the interaction between 
runoff and year.  Similarly to when we tested the significance of season, we used the 
“anova” function in R to carry out an F-test using a p value of 0.05 to test the null 
hypothesis that model parameter coefficients are the same between years 2002, 2003 and 
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2004.  As described previously for season, our tests indicate whether there is a categorical 
effect of year on both concentration (either as a vertical or horizontal shift in the 
concentration-runoff relationship) and the shape of the concentration-runoff relationship 
by examining whether the shape of the parabola changes between years.  Results (Table 
10) show that year has a significant effect in all catchments except for Glyndon (suburban 
catchment on sanitary sewer infrastructure) where concentration did not change 
significantly between years, only the shape of the concentration-discharge parabola 
changed.  Concentrations were significantly different between all three years in the 
forested catchment (Pond Branch) with 2002 concentrations being the highest (Table 15 
Appendix).  For all other catchments expect Glyndon and McDonogh, concentrations in 
2002 were significantly lower than 2003 and 2004 (Table 15 Appendix), however 2003 
and 2004 concentrations were not significantly different from each other (with the 
exception of Carroll Park where a few very high concentrations in 2004 resulted in 
significant variance).  Glyndon, showed no significant vertical shift in concentrations 
between years, due to the long term deceasing trend in concentrations which masks the 
difference between the lower 2002 concentrations and the 2003 and 2004 concentrations.  
McDonogh, only showed a significant shift between 2003 and 2004, while, 2002 did not 
vary significantly. 
 To better understand the export behavior of each catchment over the range of 
runoff values between the dry and wet years, we focused on cumulative export curves for 
the years 2002, 2003 and 2004.  The forested catchment (Pond Branch) exports most of 
the nitrate under low flow/baseflow conditions during all years (Figure 11).  However 
there is a clear separation in the curves between other years and the 2002 dry year, when 
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almost 100% of the export takes place at runoff values below 1mm/day.  During the 
wetter 2003 and 2004 years, 25% or less of the cumulative export takes place at low 
runoff values and 75% of the cumulative export takes place at moderate values just above 
1mm/day.  The exurban catchment on septic (Baisman Run) and agricultural catchment 
(McDonogh) exhibit similar export patterns (Figure 11).  Gwynnbrook and Villanova 
which have 15% and 17% impervious cover respectively, export 75% of the nitrate at low 
to moderate flows in 2002 while during the wet years only 25% of the export takes place 
at runoff values below 1mm/day (Figure 11).  The suburban catchment on sanitary sewer 
infrastructure with 19% impervious cover (Glyndon) shows a shift of export to higher 
runoff even during the drought year (Figure 11), with only 50% of the cumulative export 
taking place under low-moderate flow conditions during the dry year and  25% during the 
wetter years.  During the 2003 and 2004 wet years, most of the export (75%) takes place 
under high flow conditions above 1mm/day and 25% takes place at very high flow 
conditions above 10mm/day.  Carroll Park which contains 24% impervious cover follows 
a similar pattern as Glyndon (Figure 11).  Dead Run which has the highest percent 
impervious cover, shows a much more linear pattern with only 25% or less of the 
cumulative export taking place at flow conditions less than 1mm/day and most of the 
export taking place at high flow (Figure 11).  Furthermore, the curves for the different 
years are much closer to each other indicating that the effect of dry and wet years is not 
as evident in this catchment as it is in catchments where the curves are distinctly 
separated as is the case with Pond Branch, Baisman Run and McDonogh.  The general 
pattern of curves becoming less distinct between different years as catchments become 
more developed and their percent impervious cover increases supports our previous 
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observations that the effect of the drought and wet years is not as evident in the more 
developed catchments. 
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Figure 10. Observed nitrate concentrations plotted against runoff for 2002 (dry year) in orange, 2003 (wet year) in blue and 2004 in green for a selection 
of representative BES catchments. 
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Table 10. Statistical output for tests of year effect on BES catchment nitrate concentrations for years 2002, 2003, 2004.  Model terms include runoff, a 
quadratic runoff term, year, the interaction of year and runoff, and the interaction of year and the quadratic runoff term.* 
  p-value by catchment 
Model terms Carroll Park Dead Run Glyndon Gwynnbrook Pond Branch Villanova Baisman Run McDonogh 
Intercept <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
log(runoff) 0.1336 0.4426 <.0001 0.0017 <.0001 0.6561 <.0001 <.0001 
(log(runoff))^2 0.0047 0.0005 0.0097 0.1810 0.0001 <.0001 0.0020 0.0011 
year <.0001 0.0001 0.5772 <.0001 0.0266 <.0001 0.0444 <.0001 
log(runoff):year 0.0817 0.9647 0.2953 0.0159 0.0044 0.1267 <.0001 0.6498 
(log(runoff))^2:year 0.6640 0.2272 0.0062 0.0001 0.0074 0.0314 0.0008 0.0653 
*Values in bold indicate statistically significant effect of year and year-runoff interaction at p=0.05. 
 
    55 
 
 
 
 
Figure 11. Cumulative export curves for all BES catchments showing the percent cumulative nitrate export 
plotted against the distribution of runoff values for 2002 (dry year), 2003 (wet year) and 2004.
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4.5. Non-BES catchments 
Some of the non-BES catchments follow the same general trends that we see in 
our more intensely monitored BES catchments.  The concentration discharge relationship 
is non-monotonic for three of the catchments (Eno River, Morgan Creek and Patuxent 
River near Unity, MD) (Figure 12) and similar in form to that of our BES catchments.  
Winter peaks at moderate flow are observed in two catchments (Eno River and Patuxent 
River near Bowie MD) (Figure 12 and Figure 13) with lower concentrations on either 
side of the runoff spectrum.  Morgan Creek does not appear to have a consistent pattern 
with concentration peaks occurring throughout different seasons (Figure 12 and Figure 
13).  Patuxent River near Bowie, MD, which is the most urbanized catchment exhibits 
interesting behavior due to the presence of Waste Water Treatment Plants (WWTPs) 
which are not present in any of the other catchments.  It is dominated by a long term 
decreasing trend in concentrations (Figure 13) and is characterized by summer peaks in 
concentration during the earlier years (Figure 12 and Figure 13) which differs from our 
findings in the BES.  Interestingly a shift takes place around 1992 when summer peaks 
are eliminated and the system becomes dominated by winter peaks in later years.  Unlike 
the urbanized BES catchments, this catchment exhibits a monotonic concentration-runoff 
relationship with concentration decreasing as runoff increases (Figure 12).  Fluxmaster 
output (Table 11) indicates that both flow parameters are significant explanatory 
variables in all catchments, except for Patuxent River near Bowie, MD, where only the 
linear flow parameter is significant while the quadratic term is not.  These results are in 
accordance with the linear relationship observed in the concentration-runoff plot (Figure 
12).  The negative relationship between runoff and concentration resembles that of our 
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forested BES catchment, despite the fact that this catchment has the highest percent urban 
cover and the highest percent impervious cover out of all the non-BES catchments.  This 
pattern can be explained by the presence of WWTPs, with constant effluent from the 
plants diluted under higher flow conditions.  The bifurcation evident in Figure 12 is the 
result of the overall decreasing trend in concentrations over time with the upper tail 
corresponding to the higher concentrations of earlier years and the lower tail 
corresponding to the lower concentrations of later years.   
 A drop in concentrations is evident in the North Carolina catchments during the 
severe 2002 drought and at Patuxent River near Unity, MD during the 1999 drought 
(Figure 13).  This is consistent with findings from our BES catchments which show drops 
in concentrations during drought periods in all catchments, except the forested one.   
 Cumulative export curves for three of the non-BES catchments follow patterns 
observed in BES, with catchments exporting nitrate under higher flow conditions as their 
percent urban and impervious cover increases (Figure 14).  However, Patuxent River near 
Bowie, MD, exhibits an unexpected behavior, exporting nitrate under lower flow 
conditions, despite being the most urbanized out of all four catchments and having the 
highest percentage impervious cover.
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Figure 12. Observed nitrate concentrations plotted against runoff and separated by season for non-BES catchments in Maryland (Patuxent River near 
Unity, MD and Patuxent River near Bowie, MD) and in North Carolina (Eno River at Hillsborough, NC and Morgan Creek near White Cross, NC).  
Bifurcation of concentrations at low flow in Patuxent River near Bowie, MD, with the upper tail corresponding to earlier years and the lower tail 
corresponding to later years, can be attributed to waste water treatment plant upgrades, which have resulted in an overall decrease in concentrations 
over time, which becomes evident at low flow when there is no dilution.  The monotonically decreasing concentration- discharge relationship with low 
concentrations at high flows can be attributed to dilution. 
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Figure 13. Daily runoff (blue), baseflow (orange), modeled (red) and observed (green) nitrate concentrations plotted against time for the entire period of 
record including droughts in 1988-1989, 1999-2002 and 2007-2009, for non-BES catchments in Maryland (Patuxent River near Unity, MD and Patuxent 
River near Bowie, MD) and in North Carolina (Eno River at Hillsborough, NC and Morgan Creek near White Cross, NC). Correction for serial 
correlation (autoregressive parameter) was included in the Fluxmaster water quality model for Patuxent River near Bowie, MD based on model output 
which indicated that the data was serially correlated.  All other catchments did not exhibit serial correlation.
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Table 11. Fluxmaster water quality model parameter coefficients, p-values and standard error 
estimates for non-BES catchments.* 
  Parameter coefficient values 
station_id intercept flow flow^2 sin cos trend 
01594440 1.868 -0.149 -0.014 0.106 0.066 -0.035 
01591000 -0.587 0.812 -0.111 0.008 0.029 0.000 
02085000 -2.565 0.626 -0.066 -0.039 0.027 -0.007 
02097464 -0.884 0.402 -0.082 -0.130 -0.201 -0.029 
       
 Parameter coefficient p-values 
station_id intercept flow flow^2 sin cos trend 
01594440 <.0001 <.0001 0.176 <.0001 0.013 <.0001 
01591000 <.0001 <.0001 <.0001 0.744 0.200 0.963 
02085000 <.0001 <.0001 <.0001 0.565 0.645 0.420 
02097464 <.0001 <.0001 <.0001 0.279 0.085 0.047 
       
 Parameter coefficient standard errors 
station_id intercept flow flow^2 sin cos trend 
01594440 0.412 0.134 0.011 0.024 0.026 0.002 
01591000 0.123 0.063 0.008 0.023 0.022 0.004 
02085000 0.195 0.093 0.011 0.068 0.058 0.008 
02097464 0.095 0.058 0.013 0.119 0.116 0.014 
*Values in bold indicate statistical significance at a p=0.05. 
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Figure 14. Cumulative export curves for non-BES catchments showing the percent 
cumulative nitrate export plotted against the distribution of runoff values.  Patuxent 
River near Bowie exports most nitrate under low flow despite being the most 
urbanized catchment with the highest percent impervious cover.
 5. DISCUSSION 
5.1. Intra-annual variability by land use  
 The intra-annual variability in nitrate concentrations and load export, and the 
different patterns observed across our catchments can be explained by the land use of 
each catchment which affects the supply but also the mobilization of nitrate through 
different hydrologic pathways.   
 
5.1.1. Forested reference catchment 
In our forested reference catchment (Pond Branch) there are no significant 
anthropogenic sources of nitrogen other than atmospheric deposition.  Therefore, nitrate 
availability is dependent on natural biogeochemical cycles.  In the summer, lower soil 
saturation conditions, higher temperatures and aerobic conditions, contribute to increased 
nitrification rates.  Nitrate which becomes available in the soil profile is mobilized from 
riparian areas to the stream despite low flow conditions, through subsurface flow (Band 
et al. 2001), leading to summer peaks in concentrations (Figure 5 and Figure 6).  In the 
winter and spring, saturated soil conditions result and anaerobic conditions, which lead to 
lower nitrification and higher denitrification rates, decreasing the amount of available 
nitrate in the soil profile, therefore stream concentrations drop to the detection level (with 
a few winter exceptions) (Figure 5 and Figure 6).  This suggests that the forested 
catchment is supply rather than transport limited.   
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In general, concentration is affected by the combination of baseflow and season, 
as seen in the concentration-discharge relationship (Figure 6), indicating a coupling of 
hydrology and ecosystem.  More explicitly, concentration is higher under low flow when 
nitrate is mobilized by baseflow, but also because more nitrification takes place during 
the warmer summer months.  While during the spring and winter months, higher flow 
coincides with lower nitrification rates, resulting in lower concentrations. 
Nitrate export follows the concentration trend of summer peaks despite very low 
flow conditions during summer months (Figure 7).  This tendency towards low flow 
export in the forested catchment can also be seen in the cumulative duration curves, 
where it is clear that a large percentage (50%) of the export takes place under very low 
flow/baseflow conditions and 75% of the export takes place under low to moderate flow 
conditions (Figure 9).  Furthermore, Pond Branch has a low runoff ratio and high 
baseflow ratio (0.38 and 0.74 respectively) (Table 7), both of which are expected for a 
forested catchment with near zero impervious surface and soils that have not been 
compacted by construction and contain macropores from root and animal activity.  These 
ratios indicated that a large percentage of precipitation infiltrates into the soil and reaches 
the stream as baseflow.  Therefore, most of the stream runoff comes into contact with the 
soil profile, mobilizing nitrate when it is biogeochemically available (in this case 
summer) into the stream.   
Fluxmaster output shows that neither of the flow parameters is significant (Table 
9), despite an apparent negative relationship between flow and concentration, however 
both season parameters are very significant.  This can be explained by the colinearity 
between flow and season (low flow coincides with summer months) and the fact that 
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variations in concentration are dictated less by flow and more by season and the need for 
a threshold temperature for nitrification to take place.  The weak relationship to flow and 
strong relationship to seasonality seems to support our observations that the forested 
catchment is supply limited rather than transport limited, with supply and high 
concentrations coinciding with summer months when nitrification rates are high.   
 
5.1.2. Agricultural catchment 
 Unlike the forested catchment which only contains natural sources of nitrogen, the 
agricultural catchment (McDonogh) is subject to fertilization and application of manure, 
and therefore has a constant source of nitrogen, explaining the availability of nitrogen 
during the winter months and the winter peaks in concentrations when stream uptake is 
limited (Figure 5).  In the summer, despite higher terrestrial uptake potential 
concentrations remain high (Figure 5).  This is partly because tree canopy shades the 
stream reducing in-stream processing (Hill et al., 2001) and presumably because the 
system is overwhelmed by large inputs.  Nitrate entering the stream from fertilization and 
manure exceeds terrestrial and stream uptake capacity and results in concentration under 
low flow conditions.  Concentrations are lower in the spring when higher flow results in 
dilution and in the fall when  trees are not shading the stream and terrestrial nitrification 
rates are lower (Figure 5).  Lower spring concentrations could also be attributed to higher 
soil saturation conditions which favor denitrification over nitrification and to higher 
stream uptake rates both of which would increase retention.   However, Fluxmaster 
output shows that in the agricultural catchment neither of the season parameters is 
significant, but both flow parameters are (Table 9).  Therefore, it appears that flow is a 
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more important factor controlling nitrate concentrations either by dilution or by limiting 
mobilization to the stream, rather than seasonal biogeochemical cycles.  We believe that 
the lack of a significant season parameter may be the result of years of regular and high 
fertilizer and manure application which provide a constant supply of nitrate to the system 
and have led to elevated groundwater nitrate levels.  This residual nitrate and large 
groundwater store overwhelm the system and trump the seasonal biogeochemical cycles 
which under more natural conditions would control nitrogen availability as seen in the 
forested catchment.  So although some ecosystem processes are taking place in the 
agricultural catchment in the form of terrestrial and in-stream processing and riparian 
canopy cover effects,  a decoupling of hydrology and ecosystem is becoming evident 
(compared to the reference forested catchment) as the result of human disturbances, such 
as fertilizer and manure application, which start to override natural biogeochemical 
processes. 
Cumulative export curves resemble those of the forested catchment with most 
export taking place under low flow/baseflow conditions and little export taking place 
under high flow conditions (Figure 9).  Furthermore, runoff and baseflow ratios (0.36 and 
0.65 respectively) (Table 7), also indicate that this catchment’s hydrology resembles that 
of the forested one, suggesting that nitrate in the soil profile, from fertilizer and manure 
application and from nitrogen fixation of soybean crops, is transported via baseflow into 
the stream.   
The agricultural catchment shows a very distinct increase in concentrations over 
time (Figure 5).  A shift to higher concentrations appears to take place around 2003 
(Figure 5 and Figure 8), resulting in a distinct jump in concentrations between earlier and 
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later years.  For the same low runoff values, later years almost double in concentration, 
compared to earlier years (Figure 8).  This trend suggests that there may have been a 
change in agricultural management practices which the autoregressive parameter in the 
model was able to capture.  Fore example, there may have been a shift to higher fertilizer 
and manure application rates or manure may be dumped directly in the stream, as has 
been observed in the field. 
 
5.1.3. Exurban catchment on septic 
 The suburban and urban catchments in BES all exhibit winter peaks in 
concentration, as also observed by Heisig (2000) in the Croton Watershed in 
Southeastern New York.  The exurban catchment on septic (Baisman Run) has 
cumulative export curves which closely resemble the shape of the forested catchment, 
with most export taking place under low to moderate, baseflow conditions (Figure 9).  
Runoff ratio and baseflow index calculations (0.38 and 0.74 respectively) (Table 7), also 
indicate that this catchment is characterized by high infiltration and a large percentage of 
streamflow is baseflow.  With most flow coming out as baseflow, nitrate which is readily 
available in the soil from septic effluent is carried into the stream resulting in peak 
concentrations in the winter when stream and terrestrial uptake are low (Figure 5 and 
Figure 6).  In the spring higher flow from storm activity, implies that a larger percentage 
of streamflow is from saturated overland flow which does not come into contact with 
septic sources resulting in dilution.  Furthermore, wetter conditions limit nitrification and 
increase denitrification thus lowering the amount of nitrate in the soil and terrestrial 
uptake rates are higher during the growing season (Heisig 2000), resulting in lower in-
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stream concentrations (Figure 5 and Figure 6).  In the summer and fall months when 
baseflow is lower (Figure 5), nitrate from upslope sources such as septic become less 
hydrologically connected to the stream thus limiting mobilization and resulting in lower 
concentrations, suggesting that this catchment is more transport than supply limited.  In 
addition, Claessens et al. (2009) observed greater in-stream nitrate loss during low flow 
in this same catchment, which further explains the lower summer nitrate concentrations.  
Fluxmaster output (Table 9) indicates that both flow and season parameters are 
significant in this catchment, implying that concentration dynamics are dependent on 
both hydrology and ecosystem processes, with flow becoming the dominant control of 
nitrate transport and seasonality affecting stream and terrestrial uptake of nitrate 
throughout the year. 
 
5.1.4. Suburban and urban catchments on sanitary sewer infrastructure 
In the more urbanized catchments (Gwynnbrook, Villanova, Dead Run and 
Carroll Park) runoff ratios are higher, ranging from 0.47-0.60 (Table 7), suggesting that 
there is less infiltration as a result of higher impervious cover and more compacted soils 
from construction in newer developments.  In addition, lower baseflow indices ranging 
from 0.47-0.16 (Table 7), indicate that a smaller percentage of streamflow can be 
attributed to baseflow.  This means that a larger proportion of streamflow is stormflow 
which is expected in more developed catchments with higher percentages of impervious 
cover and drainage infrastructure which routes stormwater directly to the stream 
bypassing natural hydrologic pathways.  This explains both the flashier hydrology and 
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nitrate concentration patterns we see in these catchments (Figure 5) as well as the 
tendency for nitrate export to take place under higher flow conditions (Figure 9).   
The dominant supply of nitrate in these catchments is from lawn fertilization and 
sanitary sewer leakage, both of which have been shown to be significant sources 
contributing to the nitrogen budget of BES suburban and urban catchments (Groffman et 
al., 2004; Law et al., 2004) and other catchments in North Carolina and New York (Burns 
et al., 2005; Line et al., 2002; Heisig, 2000).  Past studies (Law et al., 2004) have shown 
that lawn fertilization can take place as often as six times a year when a professional lawn 
care service is hired.  In addition, leaky sewer lines provide an ample and constant source 
of nitrogen throughout the year.  Therefore, in the winter, when terrestrial and stream 
uptake rates are lowest, nitrate concentrations peak (Figure 5 and Figure 6).  
Concentrations drop in the spring when higher flow results in dilution and denitrification 
rates are higher due to more saturated soil conditions and in the summer and fall when 
lower flow conditions limit mobilization of nitrate from the source (Figure 5 and Figure 
6).  Furthermore, terrestrial and stream uptake rates are higher during the spring and 
summer growing season.  Heisig (2000) observed a similar seasonal variation in baseflow 
nitrate concentrations in the Croton Watershed, which he interpreted as a reflection of 
greater biological activity, such as increased microbial denitrification below the 
streambed and in-stream plant/algal uptake, during the warmer summer months.  A few 
summer/spring peaks are observed in the most urbanized catchments (Dead Run and 
Carroll Park) (Figure 6) with a number of different explanations.  This can either be 
attributed to sanitary sewer leakage which is widely considered to be an important source 
of nitrate in urban streams (Shields et al., 2008; Groffman et al., 2004; Heisig, 2000); or 
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combined stormwater-sewer line surcharges during precipitation events, often caused by 
build-up and blockage in the pipes; or impervious cover build-up and wash-off of 
residential lawn fertilizer and atmospheric deposition, which is directly routed through 
stormflow infrastructure to the streams (Groffman et al. 2003, 2002; Line et al., 2002).  
Stormflow infrastructure can effectively connect upslope sources of nitrate to the stream 
bypassing riparian areas which are normally hotspots of denitrification, therefore, 
yielding high concentrations of nitrate. 
 Fluxmaster output (Table 9) indicates that both flow and season are significant 
parameters for all developed catchments except for Dead Run (one of the most urbanized 
catchments with the highest percent impervious cover) where season is not found to be 
significant.  The lack of significance for the seasonal parameter in this catchment 
indicates that ecosystem processes become increasingly bypassed and decoupled from 
hydrology as catchments become more developed and infrastructure starts to affect 
catchment behavior.  For example, impervious cover limits infiltration and the amount of 
flow interaction with the soil profile and natural biogeochemical cycles.  Furthermore, 
riparian areas which can act as sources or sinks of nitrate depending on soil moisture 
conditions and time of year are bypassed by artificial drainage pathways, minimizing the 
potential for terrestrial uptake or export, further minimizing the effect of seasonality in 
highly urbanized catchments such as Dead Run.  In addition, stromflow infrastructure 
increases the effective connectivity of impervious surfaces to the stream by directly 
routing runoff and accumulated nitrate to the stream.  Therefore, in-stream concentrations 
are more affected by individual storm events rather than soil saturation conditions and 
seasonal nitrification-denitrification dynamics.  The effect of individual precipitation 
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events is evident in the flashier hydrology of the more urbanized catchments which also 
results in a flashier nitrate concentration pattern (Figure 5), characteristic of catchments 
with altered hydrologic pathways. 
These altered hydrologic pathways result in a noticeable shift of nitrate export 
from lower baseflow conditions to higher stormflow conditions (Figure 9) as catchments 
become more urbanized.  At low flow/baseflow conditions, the shape of the cumulative 
export curve for some of the urban catchments (Gwynnbrook and Villanova) resembles 
that of the more forested catchment, with a more natural hydrology.  However, as 
impervious cover increases, the shape of the line becomes more linear and diverges from 
the forested catchment, indicating that most export takes place under high flow 
conditions, such as stormflow. 
The significant (Table 9) decreasing trend in nitrate concentrations over time in 
the suburban catchment on sanitary sewer infrastructure (Glyndon) is interesting.  There 
is no recent evidence of conversion from septic to sewer infrastructure or any repairs or 
replacement of old sewer pipes in the area, therefore the decrease is probably not the 
result of improvements and upgrades in wastewater infrastructure (personal 
communication with Steven Stewart and Kevin Koepenick, Baltimore County, MD, 
Department of Environmental Protection and Resource Management, Watershed 
Management and Monitoring Section).  Instead, one possible explanation is the presence 
of some new residential construction in the earlier part of our study period.  Construction 
may have disturbed soils releasing nutrients into the stream, as well as compacted soils 
increasing overland runoff and transport of nutrients accumulated on the ground surface.  
This would have resulted in higher concentrations in the earlier part of our study period, 
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with concentrations decreasing as construction was completed.  Additionally, new 
developments are often associated with high rates of fertilization in order to help young 
lawns establish themselves.  As lawns mature and become healthier looking this may 
result in lower fertilization rates by homeowners who often base application rates on 
visual assessments of their lawns as suggested by Law et al. (2004).  Therefore, a 
reduction in residential lawn fertilization rates may have also contributed to the 
decreasing trend in nitrate concentrations which we observe in Glyndon. 
While the above provide some possible explanations to the decreasing trend in 
concentrations, they do not explain the lack of a similar trend in loads.  A closer look at 
the concentration-discharge relationship (Figure 6), runoff ratio and baseflow index 
provides a possible explanation.  Concentrations increase as flow decreases (below 1 
mm/day) and decrease as flow increases (above 1 mm/day) (Figure 6).  This suggests that 
under low flow, old sewer lines are leaking into the stream increasing concentrations, 
while under high flow infiltration into sewer lines takes place reducing concentrations.  
This trend is not present in other catchments such as Dead Run which have newer sewer 
lines.  The unusually low runoff ratio in this catchment which has high impervious cover 
further confirms loss of flow into sewer lines.  While the low baseflow index suggests 
that a large portion of the flow loss is in the form of baseflow, which has high 
concentrations and therefore explains the reduced in-stream concentrations.  Since load is 
the product of concentration and flow, it remains stable as concentration increase under 
low flow and deceases under high flow. 
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5.2. Inter-annual response to hydroclimate variability by land use 
5.2.1. Daily nitrate concentration patterns 
While the effect of the 2002 drought and following wet year (2003) is evident in 
all catchments, the type and severity of response vary by land use.  In the forested 
catchment (Pond Branch), nitrate from riparian zones is mobilized through baseflow 
rather than stormflow (Figure 9), resulting in high concentrations during low flow (Figure 
6).  Since the forested catchment appears to be more supply, rather than transport limited, 
the effect of the 2002 drought is for concentrations to increase (Figure 5 and Figure 10), 
as dry aerobic conditions favor nitrification, reaching the highest values recorded in our 
entire study period.  In 2003 concentrations remain lower than other years (Figure 5 and 
Figure 10), presumably because saturated soil conditions during the unusually wet 2003 
year and anaerobic conditions limit nitrification in riparian areas, therefore limiting the 
supply of nitrate.  In 2004 concentrations increase compared to 2003 (Figure 5 and Figure 
10), however remain lower than pre and post drought years.  This may be because of 
elevated baseflow conditions which continue throughout 2004, implying that high soil 
saturation conditions persist, limiting nitrification and favoring denitrification.  Another 
possible explanation is hurricane Isabel which took place in September 2003, resulting in 
a large number of downed trees which would have supplied a large amount of organic 
matter in 2004 during decomposition, further favoring denitrification.  Statistical output 
shows that concentrations for all there years are significantly different from each other, 
however 2002 varies more significantly than 2003 and 2004 (Table 15 Appendix). 
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 The agricultural (McDonogh) and exurban catchment on septic (Baisman Run) 
both appear to have a more drastic response to the drought (Figure 5).  As already 
discussed, both these catchments appear to be transport rather than supply limited.  
Nitrate is readily available though fertilization and septic effluent, therefore the effect of 
the drought is mostly in the form of disturbed hydrologic connectivity between the source 
and the stream rather than in terms of changes in nitrification and denitrification 
potential.  In 2002, low flow conditions, limit transport of nitrate to the stream in both 
catchments, manifested as lower in-stream concentrations (Figure 5 and Figure 10).  The 
response to drought appears to be more pronounced in the exurban catchment on septic 
(Baisman Run), where nitrate concentrations drop almost to the detection limit, as the 
result of a decoupling of the upslope septic nitrate sources and the stream.  The lower 
nitrate concentrations during this period can be attributed to lower loadings from upslope 
sources as well as greater in-stream nitrate loss (Claessens et al., 2009).  Claessens et al., 
(2009) found that nitrate was reduced considerably during periods of low flow in a study 
of the same catchment.  In 2003, as hydrologic pathways are re-established under wetter 
conditions and septic effluent which has accumulated in the soil profile is mobilized to 
the stream and as in-stream retention potential is reduced under higher flow (Claessens, et 
al. 2009), concentrations increase exhibiting a hydrologic flush (Figure 5 and Figure 10).  
Concentrations remain elevated in both catchments during 2004 (Figure 5 and Figure 10), 
when residual nitrate which has accumulated in the soil profile and groundwater from a 
constant supply of nitrate either in the form septic effluent of fertilizer and manure 
application is readily mobilized to the stream via baseflow and there is no disruption in 
hydrologic connectivity between source and stream.   
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A drop in concentrations was observed during the 2007 drought as well, when in 
the exurban catchment septic mobilization to the stream was limited, however the effect 
is less pronounced because the decoupling of upslope septic sources from the stream was 
not as severe as in 2002 (Figure 5). 
Concentrations in 2002 are significantly different from 2003 and 2004 in Baisman 
Run (Table 15 Appendix), which further reinforces our observations that the drought has 
a dramatic effect on this catchment by decoupling the septic source from the stream.  
Years 2003 and 2004 do not vary significantly from each other (Table 15 Appendix), 
because concentrations during both those years remain elevated as a result of constant 
connectivity between the septic source and the stream during wetter conditions and 
residual nitrate in the soil.  In the agricultural catchment (McDonogh) only 2004 varies 
significantly from the other years (Table 15 Appendix), and we suspect that his is the 
result of the increasing trend in concentrations over time, which begins around 2003 
(Figure 5 and Figure 8).  The lack of a significant difference between 2002 and the 
remaining years is surprising; however it may be attributed to a few very low 
concentrations in 2003 and 2004 which affect the significance test calculations. 
The severity of the 2002 drought becomes less evident as catchments become 
more developed.  The more developed catchments appear to be neither supply nor 
transport limited.  A constant supply of nitrogen exists through leaky sanitary sewer 
infrastructure and to some extent from residential lawn fertilization and atmospheric 
deposition which increases with road density.  In 2002 concentrations in these catchments 
do not drop as drastically as in the less developed catchments (Figure 5 and Figure 10) 
because there is a continuous supply of nitrate and no decoupling of the source and 
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stream.  Sanitary sewer pipes run parallel to streams, along the streambed, and can leak 
into streams, supplying nitrate to the stream even under very low flow conditions, 
resulting in a more muted drought effect in our developed catchments.  All suburban and 
urban catchments on sanitary sewer have significantly different 2002 concentrations 
compared to 2003 and 2004 (Table 15 Appendix), while 2003 and 2004 concentrations 
do not vary significantly from each other (except for Carroll Park where a few extremely 
high 2004 concentrations result in a significant variance).  Nitrate concentrations remain 
elevated through 2003 and 2004 (Figure 5 and Figure 10) which can be attributed to 
altered hydrologic pathways and infrastructure.  Nitrate from upslope sources such as 
fertilizer and atmospheric deposition which has accumulated on impervious surfaces, can 
be routed to the stream via stormflow infrastructure during precipitation events, 
bypassing riparian zones where it could be biogeochemically processed through 
denitrification under more natural conditions.  Furthermore, large precipitation events can 
often exceed the capacity of combined sewer and stormflow infrastructure, resulting in 
surcharges (Shields et al., 2008).  Finally, Groffman et al. (2003, 2002) have found that 
urban riparian zones can often act as hotspots of nitrification because of lower 
groundwater tables associated with urbanization.  Under persistent wetter conditions, 
such as 2003 and 2004, these urban riparian zones can supply nitrate to the stream when 
elevated baseflow comes into contact with the nitrate rich soil profile. 
 
5.2.2. Daily nitrate export patterns 
 Despite higher concentrations during the 2002 drought in the forested catchment, 
nitrate export was reduced because of extremely low flow conditions (Figure 7).  
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Therefore, although nitrate concentration patterns in the forested catchment are different 
from the rest of the catchments during the dry year, exported load patterns are similar to 
those observed in all other catchments, exhibiting a drop (Figure 7).  Furthermore, the 
muted effect of the drought on concentrations observed in the urbanized catchments 
(Figure 5) appears less muted when looking at the exported loads of those catchments 
(Figure 7).  Specifically, Villanova shows a fairly pronounced drop in loads during the 
2002 drought (Figure 7).  We believe that this is because this catchment acts similarly to 
the more natural forested catchment at low flow, as seen by the cumulative export curves 
(Figure 9).  Nitrate normally exported under low flow, baseflow conditions from upslope 
sources is becoming to some extent hydrologically disconnected from the stream during 
the extremely low flow conditions of 2002.  This is not as evident in the most urbanized 
catchments such as Dead Run (Figure 7) because most nitrate export takes place under 
high flow conditions such as stormflow (Figure 9).  So even during drought conditions 
nitrate accumulated on impervious surfaces can be mobilized to the stream during 
individual storm events.  
 Cumulative export curves for 2002-2004 further reinforce observations that land 
use affects catchment response to hydroclimate variability.  In the forested (Pond 
Branch), agricultural (McDonogh) and exurban catchment on septic (Baisman Run) there 
is a clear separation between the 2002 curves and the other two years (Figure 11).  
Cumulative export curves for the more developed catchments show less separation 
between years.  The 2002 curve is not as removed from the 2003 and 2004 curves (Figure 
11), because in these catchments even during the drought nitrate sources remain 
connected to the stream, either through sanitary sewer leakage or via stormflow 
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infrastructure.  In catchments with less development such as our forested, agricultural and 
exurban catchment on septic, lower impervious cover means higher infiltration, resulting 
in higher baseflow contribution to the stream.  During the drought, when baseflow is very 
low, nitrate export which is predominantly via baseflow is also reduced and export shifts 
from low flow to extremely low flow conditions.  In the more urbanized catchments this 
shift to lower flow conditions is not as pronounced (Figure 11), because most export 
takes place under stormflow conditions even during droughts.  The flashier hydrology 
and tendency for nitrate to be exported during higher flow in urban catchments can also 
be seen in cumulative nitrate export curves plotted against the water year (Figure 15).  In 
the most urbanized catchments with the highest percentage of impervious cover (Dead 
Run), the curves have a clear step-like pattern which is indicative of individual 
precipitation events and surface runoff contributing to large jumps in nitrate export.  In 
contrast, curves for the forested (Pond Branch), agricultural and exurban catchment are 
much smoother (Figure 15) because baseflow is responsible for most export.  
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Figure 15. Cumulative nitrate export curves plotted against the water year for Pond Branch 
(forested) and Dead Run (urban) for water years 2002 (dry year), 2003 (wet year), and 2004.  The 
step wise jumps in concentration in the more urbanized catchment (Dead Run) are the manifestation 
of individual precipitation events during which nitrate is routed via surface flow off impervious 
surfaces directly to the stream through stormwater drainage infrastructure. 
 
5.2.3. Annual nitrate concentration and export 
 While patterns of daily concentrations and exported loads provide a good picture 
of seasonal, yearly and long term trends for our catchments, we also estimated annual 
concentrations and export for all BES catchments (Figure 16) to examine whether they 
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exhibit the same patterns.  In addition, we calculated the percent change in nitrate export 
between consecutive years (Table 12) to quantitatively determine which catchments 
exhibit the greatest response to alternating dry and wet spells. 
Overall, the agricultural catchment (McDonogh) exports the greatest amount of 
nitrate per hectare per year and has the highest annual concentrations of all BES 
catchments while the forested catchment (Pond Branch) exports the least and has the 
lowest annual concentrations (Figure 16).  The suburban and urban catchments all export 
more nitrate than the forested but less than the agricultural catchment with annual 
concentrations following the same pattern.  These results are similar to findings published 
by Kaushal et al. (2008), Shields et al. (2008) and Groffman et al. (2004) for the same 
study sites.  Contrary to what we may expect, suburban and urban catchments’ annual 
export and concentrations do not follow a particular order in terms of percent impervious 
cover or urban land use.  Shields et al. (2008) attributed this to the varying size of 
watersheds with longer stream lengths able to process more nitrate in-stream; to 
differences in the age of development and of infrastructure which affect the extent of 
nitrate infiltration from sanitary lines; and most importantly to the type of infrastructure, 
with septic vs. sewer lines being one of the greatest explanatory factors.  It is important to 
note that exported loads in the suburban and urban catchments on sanitary sewer lines do 
not include wastewater which is processed in WWTPs outside these catchments. 
 Annual export patterns support earlier findings showing that export is lower in 
2002 (drought year) across all catchments even Pond Branch (forested) which has higher 
concentrations during that time.  In 2003 (wet year) and 2004 annual export is higher 
across the board as the result of higher flow (Figure 16).  Elevated 2003 and 2004 loads 
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can also in part be attributed to greater wet nitrogen atmospheric deposition during those 
years due to greater precipitation (Figure 17 and Figure 18).   
Atmospheric deposition data was obtained from the US Environmental Protection 
Agency’s Clean Air Status and Trend Network (CASTNET) site at Beltsville, MD 
(http://www.epa.gov/castnet/sites/bel116.html).  The site is approximately 50 km south of 
the Gwynns Falls watershed and is assumed to be a good approximation of atmospheric 
deposition for all the BES catchments.  The data shows that there was an increase in wet 
deposition during the wetter years, however these increases are small (less than 3 
kg/ha/yr) compared to the larger (6-18 kg/ha/yr) increases we see in the BES catchments.  
Therefore, increased flow appears to be the more important driving factor for the elevated 
loads, in conjunction with concentration which is higher in most catchments during 2003 
and 2004 (Figure 16).  
The agricultural and suburban catchment on septic experience the greatest percent 
decrease in export from 2001-2002 and the greatest increase from 2002-2003 and from 
2003-2004 (Table 12).  This indicates that these catchments are more susceptible to 
hydrologic extremes such as alternating dry and wet spells, which supports our previous 
findings.  The increase in loads well past the end of the drought in 2004 suggests that 
these catchments exhibit a memory effect or temporal lag in response to hydrologic 
extremes.  In the agricultural catchment this can be attributed to a large groundwater store 
of nitrate which continues to be released via elevated baseflow in 2004 and in the 
suburban catchment it can be attributed to a flush of nitrate from septic effluent 
accumulated during the 2002 drought.  Interestingly, the more urbanized catchments 
exhibit smaller percent changes between years and are characterized by lower inter-
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annual variability and higher intra-annual variability, suggesting that they are less 
susceptible to hydrologic extremes (Table 12).  The difference between dry and wet years 
is less pronounced because of the effect of infrastructure as already discussed.  It appears 
therefore, that hydrologic extremes magnify the inter-annual variability and transport 
limited behavior of the agricultural and suburban catchment on septic, creating the 
potential for large pulses of nitrate to be exported downstream.  While nitrate in urban 
catchments doesn’t build up to the extent that we see in the suburban and agricultural 
catchment, because it is limited by wash-off during storm events even during droughts 
and maintains connectivity to the stream, resulting in smaller flushes.   
 Finally, the forested catchment exhibits large percent changes from dry to wet 
years, however, because it is source limited these findings do not have significant 
implications.  Annual concentrations and loads exported from the forested catchment are 
low and do not pose as great of a concern as the agricultural and urbanized watersheds.  
The latter have the potential to export large pulses of nitrate downstream under certain 
hydrologic conditions, which can result in severe water quality problems similar to those 
reported in the Chesapeake Bay following the 2002 drought and 2003 wet year (Kaushal 
et al., 2010, 2008). 
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Figure 16. Annual export (top), mean annual concentrations (middle) and annual runoff (bottom) for 
years 2001-2005 for all BES catchments listed in order of least to most impervious cover.
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Table 12. Mean annual nitrate export for all BES catchments based on Fluxmaster model predictions for years 2001 through 2004 (2002 is a drought 
year and 2003 is an above average wet year) and percent change in exported loads from one year to the next.*  
 Mean annual NO3- export (kg/ha/yr) 
Year McDonogh Pond Branch Baisman Run Gwynnbrook Villanova Glyndon Carroll Park Dead Run 
2001 9.41 0.10 4.00 6.07 4.57 4.93 4.10 4.16 
2002 2.72 0.03 1.46 3.68 2.04 2.31 2.44 2.15 
2003 20.48 0.08 7.18 10.63 8.45 9.55 9.94 9.38 
2004 25.92 0.22 8.93 11.39 8.66 7.38 11.01 7.70 
         
 % change 
Change McDonogh Pond Branch Baisman Run Gwynnbrook Villanova Glyndon Carroll Park Dead Run 
from 2001 to 2002 -71.12 -66.74 -63.48 -39.35 -55.44 -53.20 -40.59 -48.25 
from 2002 to 2003 654.02 149.34 391.37 188.93 314.74 313.75 308.11 335.72 
from 2003 to 2004 26.54 157.67 24.40 7.13 2.54 -22.71 10.78 -17.86 
* Positive values indicate an increase in mean annual export from one year to the next while negative values indicate a decrease. 
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Figure 17. Wet and dry nitrogen atmospheric deposition for BES catchments for years 2001-2005.  
Data was obtained from the USEPA CASTNET site at Beltsville, MD, approximately 50 km south of 
the Gwynns Falls watershed. 
 
 
 
 
Figure 18. Annual precipitation for BES catchments for years 2001-2005.  Precipitation data was 
obtained from the McDonogh site and the Baltimore-Washington International Airport (BWI) and is 
assumed to be representative of all BES catchments.   
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5.3. Applicability to a wider geographic region 
 Although additional catchments examined for comparison purposes do not have 
the same sampling resolution as our intensely monitored BES catchments, some patterns 
observed in our BES catchments can be seen in a wider geographic area.  Winter peaks in 
concentration are evident in two catchments (Patuxent River near Unity, MD and Eno 
River, NC) (Figure 12 and Figure 13).  Furthermore, a non-monotonic relationship 
between concentration and runoff exists in all catchments except for the Patuxent River 
near Bowie, MD, which shows a negative relationship between runoff and concentrations 
because of the presence of WWTPs (Figure 12).  Additionally we see a drop in 
concentrations during the 2002 and 1999 droughts in NC and MD respectively (Figure 
13) which is consistent with the drought response we have observed in the BES 
catchments. 
 However, Fluxmaster output (Table 11) shows that seasonality does not appear to 
be a significant factor in three of the catchments which have infrequent chemistry 
samples.  Concentration time series for these catchments (Figure 13) show that modeled 
concentrations do not replicate the same seasonal variability seen in the observed data 
and that both peaks and lows in concentrations are not captured as well when sampling is 
not frequent.  Therefore, seasonal highs and lows are not predicted, and modeled 
concentrations do not fluctuate as much between seasons, resulting in a lack of a 
significant seasonal parameter.   
 To test whether sampling resolution affects Fluxmaster output and to what extent, 
we systematically randomly re-sampled the BES data so that only one sample per quarter 
was kept to more closely resemble the lower sampling resolution of the non-BES 
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catchments.  Results show that the re-sampled data exhibit the same patterns as the 
original data, with winter peaks in concentrations for all catchments except for the 
agricultural catchment (McDonogh) (Figure 19).  In the agricultural catchment 
concentration peaks shift from winter and summer to fall (October) peaks.  We are not 
sure why this shift takes place.   However, it is important to note that a lot of detail is lost 
when the sampling resolution is reduced.  While the general intra-annual patterns are 
captured, many of the peaks and lows are not captured (Figure 19), resulting in a loss of 
information.  This is evident when looking at the Fluxmaster parameter coefficients of the 
re-sampled data (Table 13).  While season was significant in all but two catchments using 
the original data, three catchments show a lack of a significant seasonal parameter when 
the re-sampled data is used.  Furthermore, three catchments show a lack of a significant 
flow parameter compared to only one using the original data.   
 The differences in model output between higher and lower sampling resolution, 
may be in large part due to the different estimation method used by Fluxmaster when less 
data is available.  When chemistry data is frequent and correction for serial correlation is 
necessary, Fluxmaster uses the Simulated Maximum Likelihood (SML) estimation 
method which includes observed data in the modeled output.  However, when data is not 
as frequent and correction for serial correlation is not deemed necessary, Fluxmaster uses 
the Ordinary Least Squares (OLS) estimation method, which does not use observed 
values in the output.  This means that the modeled data is not forced to pass through the 
observed data and therefore, is not able to capture all the variation in concentrations, such 
as peaks and lows, which we see when modeled values are forced to pass through actual 
values.   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Cumulative export curves for three of the non-BES catchments (Figure 14) follow 
the general pattern observed in the BES catchments, with a progressive shift of export 
from lower flow conditions to higher flow conditions as urbanization and impervious 
cover increase.  However, Patuxent River near Bowie, MD, which has the highest percent 
urban land use and impervious cover, exports nitrate under lower flow conditions than the 
less urbanized catchments which is very surprising.  
In general, Patuxent River near Bowie, MD, which is the only catchment which 
contains WWTPs, shows a very different behavior than the rest of the non-BES 
catchments and the BES catchments.  The concentration-runoff relationship (Figure 12) 
shows a monotonically decreasing trend, with concentrations dropping as runoff 
increases.  This type of relationship is only observed in our reference forested catchment, 
so it is unexpected considering Patuxent River near Bowie has 22% urban land use and 
6% impervious cover, except for the fact that it can be explained by the presence of 
WWTPs and dilution of their constant effluent under high flow.  This catchment also 
exhibits an overall decreasing trend in concentrations over time, which is surprising when 
we consider land use change over time (Table 5 and Table 6).  We would expect a drop in 
nitrate concentrations to be associated with an increase in forested land or a decrease in 
agriculture and urban land use categories.  However, in this case, forested land shows the 
largest percent decrease (1.89%) (Table 5) and urban land shows the highest percent 
increase (1.77%) (Table 6) compared to all other non-BES catchments.  Patuxent River 
near Bowie, MD, has experienced a lot of growth in recent years with forest conversion 
to urban, yet newer developments are subject to stricter wastewater and stormwater 
runoff regulations, which we believe are responsible in part for the observed decreasing 
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trend in concentrations.  The increase in the wetlands land use category (0.43%) (Table 6) 
may be indicative of the stricter regulations which require BMPs such as retention ponds 
for new developments.  Furthermore, areas previously on septic may have been 
connected to sanitary lines.  Studies examining the decreasing pollution trends in the 
Patuxent River (Maryland Department of Natural Resources, 2009; US Army Corps of 
Engineers Baltimore District, 1996) attribute long term water quality improvements to 
WWTP upgrades as well as agricultural and rural/urban Best Management Practices 
(BMPs). 
The WWTP upgrades appear to be the main driver behind the long term 
decreasing trend in concentrations.  According to the Patuxent River Fact Sheet, 
published by the Maryland Technology Academy in partnership with the Johns Hopkins 
University Center for Technology in Education 
(http://cte.jhu.edu/techacademy/fellows/kelly/webquest/rivfact.htm), reductions in 
nitrogen can be attributed to numerous WWTP upgrades as well as the implementation of 
biological nutrient removal in eight of the major WWTPs in the watershed beginning in 
1991.  The latter is also responsible for the dramatic summer decline in nitrogen which 
we observe around 1992 (Figure 13).  Furthermore, the WWTP upgrades explain the 
bifurcation of concentrations at low flow, when concentrations are not diluted and the 
difference between higher concentrations in earlier years and lower concentrations in 
later years is manifested as the two tails (upper and lower respectively) in the 
concentration-runoff relationship.  
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Figure 19. Daily runoff (blue), baseflow (orange), modeled (red) and observed (green) nitrate concentrations plotted against time for a representative 
selection of BES catchments using randomly re-sampled quarterly data. 
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Table 13. Fluxmaster water quality model parameter coefficients, p-values and standard error 
estimates for BES catchments with re-sampled (quarterly) chemistry data.* 
  Parameter coefficient values 
Catchment intercept flow flow^2 sin cos trend 
Pond Branch -3.516 0.290 0.090 -0.265 -0.811 -0.001 
Baisman Run 0.497 0.064 -0.146 0.000 0.088 -0.003 
Glyndon 0.535 -0.076 -0.015 0.038 0.175 -0.022 
Gwynnbrook 0.616 0.501 -0.278 -0.014 0.058 -0.002 
McDonogh 1.056 -0.344 -0.049 -0.116 -0.007 0.087 
Villanova -0.414 0.484 -0.082 0.180 0.089 0.021 
Dead Run -0.351 0.113 -0.048 0.043 0.277 0.086 
Carroll Park -2.142 1.091 -0.117 -0.009 0.099 0.018 
       
 Parameter coefficient p-values 
Catchment intercept flow flow^2 sin cos trend 
Pond Branch <.0001 0.002 0.311 0.127 <.0001 0.983 
Baisman Run <.0001 0.285 <.0001 0.996 0.076 0.784 
Glyndon <.0001 0.191 0.349 0.684 0.042 0.222 
Gwynnbrook <.0001 0.019 0.001 0.785 0.247 0.864 
McDonogh <.0001 0.019 0.017 0.046 0.872 <.0001 
Villanova 0.512 0.189 0.113 0.014 0.204 0.187 
Dead Run 0.001 0.490 0.318 0.766 0.044 0.007 
Carroll Park 0.014 0.005 0.005 0.895 0.125 0.217 
       
 Parameter coefficient standard errors 
Catchment intercept flow flow^2 sin cos trend 
Pond Branch 0.793 0.560 0.087 0.169 0.170 0.037 
Baisman Run 0.041 0.059 0.032 0.062 0.048 0.013 
Glyndon 0.108 0.057 0.016 0.092 0.083 0.018 
Gwynnbrook 0.115 0.205 0.074 0.052 0.049 0.011 
McDonogh 0.248 0.139 0.020 0.056 0.046 0.012 
Villanova 0.626 0.362 0.051 0.069 0.069 0.016 
Dead Run 0.101 0.162 0.048 0.143 0.133 0.030 
Carroll Park 0.828 0.368 0.039 0.069 0.063 0.014 
*Values in bold indicate statistical significance at a p=0.05. 
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6. CONCLUSIONS 
 
Nitrate concentrations and export patterns in our study catchments are influenced 
by an interaction between land use, climate and infrastructure which controls the supply 
and availability as well as the hydrologic transport pathways of nitrate.  In our reference 
forested catchment, concentrations peak in the summer when nitrification in riparian 
zones, resulting from warmer temperatures and lower soil saturation conditions, supplies 
nitrate which is mobilized by baseflow to the stream.  Therefore most nitrate export takes 
place under low to moderate flow conditions with very little export taking place under 
high flow conditions such as stormflow.  In more disturbed catchments, dominated by 
human activity such as agriculture and urban development, nitrate becomes more readily 
available throughout the year from lawn and agricultural fertilization, septic and sanitary 
infrastructure leakage and wash-off from impervious surfaces.  With a more constant 
supply of nitrogen seasonal patterns shift, as nitrate being mobilized under moderate flow 
conditions peaks in the winter when terrestrial and stream uptake rates are lower.  
Furthermore, as catchments become more urbanized, nitrate export shifts to higher 
runoff, as a result of higher impervious cover and stormflow infrastructure which reduce 
infiltration and effectively route stormflow to the stream.   
The forested catchment exhibits a strong dependency on seasonal biogeochemical 
cycles of nitrification and denitrification and other ecosystem processes for nitrate 
supply, evident by the significant seasonal parameter.  In the agricultural catchment the 
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seasonal parameter becomes less important as natural biogeochemical cycles are trumped 
by the amount of fertilizer and manure being added into the system.  While the more 
developed catchments are affected more by infrastructure and individual precipitation 
events, with one of the most urbanized catchments showing a lack of seasonality.  This is 
because the system is controlled by impervious cover and stormwater and sanitary sewer 
lines which limit interaction with the soil profile and biogeochemical cycles.  In 
summary, nitrate concentration and export are controlled by a coupling of hydrology and 
ecosystem processes which is most evident in the forested catchment and becomes 
increasingly bypassed in the more disturbed catchments.   
Catchment response to hydroclimate variability varies in type and severity 
depending on whether they are supply or transport limited, which in turn depends on their 
land use and infrastructure and their effect on the supply and mobilization of nitrate.  The 
supply limited forested catchment is the only one to exhibit an increase in concentrations 
in 2002, despite low flow conditions.  Dry, aerobic soil conditions favor nitrification in 
riparian zones, resulting in higher concentrations as nitrate is being mobilized via 
baseflow.  On the other hand, the agricultural and exurban catchment on septic which 
have a constant supply of nitrate are more transport limited, exhibiting an opposite effect 
during the drought when hydrologic pathways to the stream are disrupted, resulting in a 
distinct drop in concentrations.  The effect is most dramatic in the exurban catchment on 
septic, because the source is upslope from the stream, resulting in a decoupling of the 
source and stream during the 2002 drought.  In 2003 when conditions become wetter, we 
observe a “flushing” behavior as hydrologic pathways are re-established connecting 
upslope sources of nitrate to the stream.  In the more urbanized catchments the effect of 
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the drought is less pronounced, because these catchments are neither supply nor transport 
limited.   
Patterns of mean annual concentrations and annual export support our 
observations that the agricultural and suburban catchment on septic are the most 
susceptible to alternating dry and wet spells, with the more urbanized catchments 
showing a more muted response despite overall high export.  These results suggest that 
certain catchments, such as our agricultural and suburban on septic, have a greater 
potential to release large pulses of nitrate and have a greater impact on the water quality 
of coastal areas they drain into during hydrologic extremes which are expected to 
intensify and become more frequent in the future under potential climate change.  While 
the forested catchment exhibits one of the greatest responses to the dry and wet years, the 
amount of export is so low that it does not raise the same concern as the response we see 
in other land uses.  In summary, hydrologic extremes magnify the inter-annual variability 
and transport limited behavior of the agricultural and suburban catchment on septic, 
whereas the more urbanized catchments exhibit more intra-annual variability and a less 
pronounced response to inter-annual hydroclimate variability. 
Another important finding of this study is that infrastructure plays an important 
role in catchment behavior affecting: nitrogen availability and mobilization; the coupling 
between hydrology and ecosystem; and catchment response to hydroclimate extremes. 
Infrastructure such as impervious cover and stormwater and sanitary sewer lines affect 
water quality in a number of ways.  They bypass natural hydrologic flowpaths, limiting 
the interaction of flow with the soil profile; alter hydrologic pathways by reducing 
infiltration and increasing the effective connectivity of impervious cover to the stream; 
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and provide a constant source of nitrate through sewer line leaks and surcharges.   
Furthermore, the age, maintenance state, location (upslope vs. along the streambed) and 
type of sanitary infrastructure (septic vs. sewer lines) are shown to be important 
explanatory factors of catchment behavior because they affect the amount and extent of 
nitrogen leaking into streams.  Finally, WWTPs as seen in one of the non-BES 
catchments, can drastically change seasonal and long term stream chemistry trends and 
override other land use land cover effects. 
For the most part data from our non-BES catchments support findings from the 
BES (with the exception of one watershed which contains WWTPs which alter its 
behavior) implying that our observations are applicable to a wider geographic area.  As 
urban sprawl continues to encroach on natural watersheds and anthropogenic inputs, such 
as agricultural and lawn fertilizer as well as septic and sanitary sewer waste continue to 
grow, a better understanding of how catchments will respond to predicted hydroclimate 
variability becomes increasingly important.  Our findings show that response varies and 
is dependent on the interaction between land use, climate and infrastructure.  The 
implication is that all these factors need to be taken into consideration when planning 
water quality improvement strategies such as BMPs, TMDLs and stream restoration 
projects which aim to reduce nitrogen loading of fresh and coastal water bodies.  Finally, 
our findings show that ecosystem processes are coupled with stream water chemistry 
suggesting that a better understanding of these processes, their response to hydroclimate 
extremes and their effect on water quality is important, especially in light of recent efforts 
to value, restore and preserve ecosystem services.  
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APPENDIX 
 
Table 14. Statistical output for tests of season effect on BES catchment nitrate concentrations listed by season showing: variance between winter and 
spring, summer, fall (top), variance between spring and summer, fall, winter (middle) and variance between summer and fall, winter, spring (bottom).*  
  p-value by catchment 
Coefficients Carroll Park Dead Run Glyndon Gwynnbrook Pond Branch Villanova Baisman Run McDonogh 
Intercept <.0001 <.0001 <.0001 <.0001 0.0002 <.0001 <.0001 <.0001 
log(runoff) 0.0134 0.0010 <.0001 <.0001 0.0007 <.0001 <.0001 <.0001 
(log(runoff))^2 0.3850 0.0016 0.4309 0.9856 0.0010 0.7814 0.0016 0.0199 
spring 0.8676 0.0118 0.0022 0.0641 0.6087 0.2052 0.7336 0.0248 
summer 0.0005 0.0026 0.0005 0.3907 <.0001 0.0097 0.6878 0.0024 
fall 0.0091 0.0015 0.0474 0.0004 0.0154 <.0001 0.1819 0.1180 
log(runoff):spring 0.1436 <.0001 0.0169 0.8477 0.0033 0.1614 0.5911 0.7991 
log(runoff):summer 0.2903 0.0019 0.0045 0.0088 <.0001 0.0500 0.2280 0.0078 
log(runoff):fall 0.0399 0.0028 <.0001 0.0363 0.0003 0.0144 0.0006 0.0964 
(log(runoff))^2:spring 0.8543 0.3451 0.6567 0.9058 0.1179 0.8089 0.0028 0.4595 
(log(runoff))^2:summer 0.6054 0.0627 0.6584 0.0213 0.0014 0.0281 <.0001 0.1795 
(log(runoff))^2:fall 0.6534 0.0577 0.8891 0.4044 0.0026 0.8282 <.0001 0.0146 
         
Intercept <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
log(runoff) 0.6290 0.0005 <.0001 <.0001 0.7879 0.0011 <.0001 0.0002 
(log(runoff))^2 0.3487 0.0141 0.1301 0.8599 0.0526 0.4078 0.1090 0.0513 
summer 0.0001 0.5016 0.3191 0.3873 <.0001 0.0984 0.8942 0.1402 
fall 0.0139 0.3955 0.3745 0.0580 0.0624 0.0016 0.1347 0.0011 
winter 0.8676 0.0118 0.0022 0.0641 0.6087 0.2052 0.7336 0.0248 
log(runoff):summer 0.4959 0.0152 0.4218 0.0124 0.0003 0.7136 0.0872 0.0274 
log(runoff):fall 0.7586 0.0036 0.0174 0.0539 0.6396 0.5037 0.0003 0.3511 
log(runoff):winter 0.1436 <.0001 0.0169 0.8477 0.0033 0.1614 0.5911 0.7991 
(log(runoff))^2:summer 0.6779 0.3570 0.9056 0.0082 0.0685 0.0141 0.7488 0.1407 
(log(runoff))^2:fall 0.7425 0.3524 0.6380 0.1920 0.1171 0.9284 0.4651 0.0404 
(log(runoff))^2:winter 0.8543 0.3451 0.6567 0.9058 0.1179 0.8089 0.0028 0.4595 
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Table 14. (continued)  
  p-value by catchment 
Coefficients Carroll Park Dead Run Glyndon Gwynnbrook Pond Branch Villanova Baisman Run McDonogh 
log(runoff) 0.0513 0.5170 0.0001 <.0001 <.0001 0.0002 <.0001 0.5462 
(log(runoff))^2 0.6741 0.0189 0.0041 0.0001 0.9732 <.0001 <.0001 0.0976 
fall 0.2586 0.8326 0.0837 0.0107 0.0001 0.1294 0.0903 <.0001 
winter 0.0005 0.0026 0.0005 0.3907 <.0001 0.0097 0.6878 0.0024 
spring 0.0001 0.5016 0.3191 0.3873 <.0001 0.0984 0.8942 0.1402 
log(runoff):fall 0.1772 0.6896 0.2940 0.3401 0.0004 0.7427 0.1178 0.0690 
log(runoff):winter 0.2903 0.0019 0.0045 0.0088 <.0001 0.0500 0.2280 0.0078 
log(runoff):spring 0.4959 0.0152 0.4218 0.0124 0.0003 0.7136 0.0872 0.0274 
(log(runoff))^2:fall 0.8390 0.9620 0.5397 <.0001 0.3357 0.0007 0.0188 0.0921 
(log(runoff))^2:winter 0.6054 0.0627 0.6584 0.0213 0.0014 0.0281 <.0001 0.1795 
(log(runoff))^2:spring 0.6779 0.3570 0.9056 0.0082 0.0685 0.0141 0.7488 0.1407 
*Values in bold indicate statistically significant effect of season and season-runoff interaction at p=0.05. 
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Table 15. Statistical output for tests of year effect on BES catchment nitrate concentrations listed by year showing: variance between 2002 and 2003, 
2004 (top) and variance between 2003 and  2002, 2004 (bottom).* 
  p-value by catchment 
Coefficients Carroll Park Dead Run Glyndon Gwynnbrook Pond Branch Villanova Baisman Run McDonogh 
Intercept <.0001 <.0001 <.0001 <.0001 0.0011 <.0001 0.3828 <.0001 
log(runoff) 0.3040 0.5484 <.0001 <.0001 <.0001 0.0112 <.0001 0.7245 
(log(runoff))^2 0.1727 0.3165 <.0001 0.0002 0.0034 0.0030 <.0001 0.7373 
year 2003 0.0450 0.0050 0.1579 <.0001 0.0001 <.0001 0.0005 0.9282 
year 2004 <.0001 0.0031 0.0679 <.0001 <.0001 <.0001 0.0001 0.1481 
log(runoff):year 2003 0.4227 0.5641 0.0066 0.0007 0.0001 0.2880 0.0001 0.7103 
log(runoff):year 2004 0.0364 0.8579 0.0017 0.0156 0.0122 0.3093 <.0001 0.6319 
(log(runoff))^2:year 2003 0.3872 0.7950 0.0018 0.0055 0.0236 0.1922 0.0004 0.0709 
(log(runoff))^2:year 2004 0.6319 0.2375 0.0410 <.0001 0.0085 0.0073 0.0009 0.5832 
         
Intercept <.0001 <.0001 <.0001 <.0001 0.0128 <.0001 <.0001 <.0001 
log(runoff) 0.9576 0.9379 0.0002 0.0207 0.4803 0.0948 <.0001 0.9034 
(log(runoff))^2 0.2797 0.0421 0.9340 0.2195 0.7312 0.0301 0.0780 0.0015 
year 2004 0.0042 0.8018 0.6051 0.1645 0.0401 0.3644 0.2378 <.0001 
year 2002 0.0450 0.0050 0.1579 <.0001 0.0001 <.0001 0.0005 0.9282 
log(runoff):year 2004 0.1594 0.2289 0.4289 0.3945 0.2744 0.9903 0.0151 0.7883 
log(runoff):year 2002 0.4227 0.5641 0.0066 0.0007 0.0001 0.2880 0.0001 0.7103 
(log(runoff))^2:year 2004 0.6054 0.0810 0.8867 0.0076 0.0629 0.0602 0.5094 0.0323 
(log(runoff))^2:year 2002 0.3872 0.7950 0.0018 0.0055 0.0236 0.1922 0.0004 0.0709 
*Values in bold indicate statistically significant effect of year and year-runoff interaction at p=0.05.  
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